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Background: An enigma in the bioenergetics of methanogens is how the generation of proton and sodium gradients are
used to synthesize ATP.
Results:PurifiedmethanogenATP synthasewas stimulated by sodium ions that also provided pH-dependent protection against
DCCD.
Conclusion:Methanobrevibacter ruminantium harbors an A-type enzyme with the ability to switch between sodium ions and
protons.
Significance: ATP synthesis by methanogens depends on the environmental conditions that prevail.

An unresolved question in the bioenergetics ofmethanogenic
archaea is how the generation of proton-motive and sodium-
motive forces during methane production is used to synthesize
ATP by the membrane-bound A1Ao-ATP synthase, with both
proton- and sodium-coupled enzymes being reported in meth-
anogens. To address this question,we investigated the biochem-
ical characteristics of the A1Ao-ATP synthase (MbbrA1Ao) of
Methanobrevibacter ruminantium M1, a predominant meth-
anogen in the rumen.Growth ofM. ruminantiumM1was inhib-
ited by protonophores and sodium ionophores, demonstrating
that both ion gradients were essential for growth. To study the
role of these ions inATP synthesis, the ahaHIKECFABD operon
encoding theMbbrA1Aowas expressed inEscherichia coli strain
DK8 (�atp) and purified yielding a 9-subunit protein with an
SDS-stable c oligomer. Analysis of the c subunit amino acid
sequence revealed that it consisted of four transmembrane hel-
ices, and each hairpin displayed a complete Na�-binding signa-
ture made up of identical amino acid residues. The purified
MbbrA1Ao was stimulated by sodium ions, and Na� provided
pH-dependent protection against inhibition by dicyclohexyl-
carbodiimide but not tributyltin chloride. ATP synthesis in
invertedmembrane vesicles lacking sodium ionswas driven by a
membrane potential that was sensitive to cyanidem-chlorophe-
nylhydrazone but not to monensin. ATP synthesis could not be
drivenby a chemical gradient of sodium ions unless amembrane
potential was imposed. ATP synthesis under these conditions
was sensitive to monensin but not cyanide m-chlorophenylhy-
drazone. These data suggest that theM. ruminantiumM1A1Ao-
ATP synthase exhibits all the properties of a sodium-coupled

enzyme, but it is also able to use protons to drive ATP synthesis
under conditions that favor proton coupling, such as lowpHand
low levels of sodium ions.

Microorganisms have been shown to harbor a number of
membrane-bound ATP synthases that are used to synthesize
ATP via a proton or sodium ion gradient. These enzymes can be
divided into three distinct classes as follows: F-type (F1Fo)-AT-
Pases, A-type archaeal (A1Ao)-ATPases, and V-type (V1Vo)-
ATPases. The A1Ao-ATP synthase is composed of at least nine
different subunits with a stoichiometry of A3B3DE2FH2 for the
A1 domain and Cac1–10 for the Ao domain and are structurally
more closely related to the V1Vo-ATPases (1, 2). In most
described A1Ao-type enzymes, multiple copies of the mem-
brane-bound subunit c form the proteolipid ring of the Ao
domain. The proteolipids of A1Ao-ATPases show considerable
variability in size (2, 4, 6, or 26 transmembrane helices) and are
proposed to have variable coupling stoichiometries (number of
ions translocated per ATP synthesized) based on the number of
conserved ionizable groups per monomer (2).
Methanogenic archaea are a group of strictly anaerobic

microorganisms that produce methane from a limited group of
substrates, such as H2 and CO2, formate, methanol, methyla-
mine, and/or acetate by a pathway involving unique coenzymes
(3). Methanogens produce both proton and sodium ion gradi-
ents during methanogenesis through ion-translocating mecha-
nisms (4, 5). These gradients are thenused to synthesizeATPby
a chemiosmotic mechanism involving a membrane-bound
A1Ao-ATP synthase (4, 6, 7). An unresolved issue in this bioen-
ergetic scheme is how these two primary ion gradients are use
to synthesize ATP. Examples of proton-coupled (e.g. Methano-
sarcinamazeiGö1) (8) and sodium-coupled (e.g. Methanother-
mobacter marburgensis strainMarburg) (9, 10) A1Ao-ATP syn-
thases have been reported, despite the presence of a sodium
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ion-binding signature in the c subunits of all methanogen
enzymes (11). However, it should be noted that even for bacte-
rial F1Fo-ATP synthases that are sodium ion-coupled, protons
are still translocated by these enzymes under conditions that
favor proton transport (e.g. low pH and sodium ion concentra-
tions) (12).
To date, very few A1Ao-ATP synthases from non-cyto-

chrome-containing methanogens have been examined with
respect to coupling ion specificity, and the enzymes frommeso-
philic methanogens have proved difficult to purify from the
host organism. The genome of the rumen methanogenMetha-
nobrevibacter ruminantium M1 was recently sequenced (13),
and this provided us with a molecular platform to address the
ion specificity of the A1Ao-ATP synthase from this archaeon.

EXPERIMENTAL PROCEDURES

Growth ofM. ruminantiumM1—M. ruminantiumM1 (DSM
1093) was grown inmediumRM02, and the effects of inhibitors
were tested as described by Wedlock et al. (14). All inhibitors
were dissolved in 0.1ml of ethanol (or an appropriate control of
ethanol), except for amiloride and 5-(N-ethyl-N-isopropyl)-
amiloride (EIPA),2 whichwere dissolved inDMSO. Inhibitor or
the appropriate diluent was added to 10-ml cultures in the
exponential phase (absorbance at 600 nm (A600) �0.1, 16-mm
path length).
Preparation of M. ruminantium M1 Inverted Membrane

Vesicles—Typically 2 g of cell pellets were washed and resus-
pended with pre-cooled TMGT buffer (50mMTris�Cl (pH 7.5),
5 mM MgSO4, 10% (w/v) glycerol, and 0.1 mM tris[2-carboxy-
ethyl]phosphine (TCEP)). PancreaticDNase I and phenylmeth-
ylsulfonyl fluoride (PMSF) were added to 0.1 mg/ml and 0.1
mM, respectively, and the cells were disrupted by sonication on
ice five times for 2 min with a tip sonicator. The lysate was
cleared of debris by centrifugation at 8,000 � g for 10 min, and
the inverted membrane vesicles were pelleted from the super-
natant at 180,000� g for 1 h at 4 °C and resuspended in TMGT
buffer to a concentration of 5 mg/ml.
E. coli Strains, Plasmids, and Growth Conditions—Esche-

richia coli DH10B (15) was used for all cloning experiments,
and E. coli DK8 (16), lacking the ATP synthase genes encoding
the unc operon (�atp), was used to overproduce the A1Ao-ATP
synthase of M. ruminantium M1. Other common E. coli
expression strains, including C41(DE3), C43(DE3), and
BL21(DE3), were also tested (17). Plasmids used were pUC19
(18) for cloning and pTrc99A (Amersham Biosciences) for
overexpression of A1Ao-ATP synthase. To overproduce the
A1Ao-ATP synthase, transformants of E. coli DK8 �atp were
routinely grown at 37 °C with shaking at 200 rpm in 2� YT
medium (19) containing 2 g/liter glucose and 100 �g of
ampicillin/ml.
Construction of an Expression Plasmid for A1Ao-ATP

Synthase—The genes encoding for the subunits of theM. rumi-
nantium M1 A1-ATPase (ahaECFABD) were cloned into the

expression vector pTrc99A (Amersham Biosciences) as a
6.2-kb BamHI-XbaI PCR product, amplified utilizing the for-
ward primerMbrA1FWD(5�-AAATTTGGATCCGGAATCT-
TAGGTTAGGAGGTCAAT-3�) containing a BamHI site and
the reverse primer MbrA1Rev (5�-AAATTTTCTAGATAA-
CAAGCAAAATATGAATTGC-3�) containing an XbaI site.
M. ruminantium M1 genomic DNA served as the template.
The amplicon was digested with BamHI and XbaI and cloned
into pTrc99A digested with the same restriction enzymes, cre-
ating the plasmid pTrMbrA1. To facilitate purification, an
N-terminal hexa-histidine tag was introduced into subunit A
(atpA) by PCR overlap extension (20). The plasmid pTrMbrA1
was used as the template for primers MbrA1HisMid (5�-
TTAGACAAGTTCTTAGTCGACTCTG-3�), overlapping a
natural SalI site, and the primer MbrA1HisRev (5�-ATGAT-
GATGATGATGATGCATCCCATCTGCGACGATAA-
CAGG-3�), generating a 0.55-kb PCR product. A second PCR
was performed with the primers MbrA1HisFWD (5�-ATG-
CATCATCATCATCATCATAGAGGAACTCAAATGTAT-
GAA-3�) and MbrA1REV, generating a 3.9-kb fragment. The
0.55- and 3.9-kb fragment were then used for PCR overlap
extension with the external primers MbrA1HisMid and
MbrA1Rev. The 4.45-kb product obtained was digested with
SalI and XbaI. Plasmid pTrMbrA1 was digested with BamHI
and SalI, and the 1.7-kb BamHI-SalI fragment generated from
this digestion along with the 4.45-kb SalI-XbaI PCR overlap
product fragment were ligated simultaneously into pTrc99a
digested with BamHI and XbaI to create the plasmid
pTrMbrA1His. To construct a plasmid containing the entire
atp operon, the genes (atpHIK) encoding theM. ruminantium
Ao subunits were cloned by PCR using the forward primer
MbrAoFWD containing an NcoI site (5�-ATTTAATTAC-
CATGGTGATTTATTATGGCA-3�) and the reverse primer
MbrAoREV (5�-AGAGACAATTTTATCTGCCCCAGAGCT-
CAT-3�) containing a SacI site. The 3.3-kb fragment was
digested with NcoI and SacI and ligated into the plasmid
pTrMbrA1HIS digested with NcoI and SacI, thereby creating
the plasmid pTrMbrA1AoHIS containing the full-length M.
ruminantium M1 atp operon with an N-terminal hexa-His-
tagged subunit A.
Expression and Purification ofMbbrA1Ao—E. coli strain DK8

(�atp) harboring plasmid pTrMbbrA1AoHis was grown at
37 °C with shaking at 200 rpm in 2� YTmedium (19) contain-
ing 2 g of glucose/liter and 100 �g of ampicillin/ml. At an A600
(10-mm path length) of 0.4, the culture was induced with 1 mM

isopropyl �-D-thiogalactopyranoside (IPTG) and incubation
continued for 4 h. Cells were harvested, washed with pre-
cooled TMGT buffer, and resuspended in the same buffer.
PMSF was added to 0.1 mM, and the cells were disrupted by
three passages through a French pressure cell at 20,000 p.s.i.
Pancreatic DNase I was added to 0.1 mg/ml, and the mixture
was kept on ice for 1 h or until viscosity decreased. The lysate
was cleared of debris by centrifugation at 8,000 � g for 10 min,
and the inverted membrane vesicles were pelleted from the
supernatant at 180,000 � g for 1 h at 4 °C. Inverted membrane
vesicleswerewashed twice inTMGTbuffer and resuspended in
50 mM Tris�Cl (pH 7.5), 5 mM MgSO4, 10% (w/v) glycerol, 0.1
mMPMSF, and 0.1mMTCEP. To extract theMbbrA1Ao, mem-

2 The abbreviations used are: EIPA, 5-(N-ethyl-N-isopropyl)-amiloride; DCCD,
dicyclohexylcarbodiimide; DDM, dodecyl maltoside; TCEP, tris[2-carboxy-
ethyl]phosphine; CCCP, cyanide m-chlorophenylhydrazone; DNP, 2,4-dini-
trophenol; TBT-Cl, tributyltin chloride; TCS, 3,3�,4�,5-tetrachlorosalicylani-
lide; GOLD, Genetic Optimization for Ligand Docking.
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brane vesicles were diluted to 5 mg of protein/ml in solubiliza-
tion buffer (50 mM Tris�Cl (pH 7.5), 5 mM MgSO4, 10% (w/v)
glycerol, 1% n-dodecyl-�-D-maltoside (DDM), 0.1 mM PMSF,
and 0.1mMTCEP) and incubatedwith gentle stirring at 4 °C for
2 h. The nonsolubilized material was removed by ultracentrif-
ugation (180,000� g, 1 h, 4 °C). The supernatant was applied to
an IMAC column containing high performance nickel-nitrilo-
triacetic acid-Sepharose (Amersham Biosciences) that was
equilibrated with purification buffer A (50mMTris�Cl (pH 7.5),
5 mM MgSO4, 10% (w/v) glycerol, 0.05% (w/v) DDM, 500 mM

NaCl, 0.1 mM PMSF, and 0.1 mM TCEP) containing 10 mM

imidazole. To remove contaminating proteins, the column was
washed first with purification buffer A containing 10 mM imid-
azole and second with purification buffer A containing 40 mM

imidazole. The MbbrA1Ao was eluted with purification buffer
containing 100mM imidazole. Further removal of other protein
contaminants and excess salts was performed by precipitation
with polyethylene glycol 6000 (PEG6000). The eluate was incu-
bated for 1 h at room temperature with 10% (w/v) PEG6000, and
the precipitate was subsequently removed by centrifugation at
54,000 � g for 20 min at 4 °C. TheMbbrA1Ao was then precip-
itated by incubating the supernatant for 1 h with 15% (w/v)
PEG6000. The precipitate was pelleted by centrifugation at
54,000 � g for 20 min at 4 °C and resuspended in 0.5 ml of
resuspension buffer A (50 mM Tris�Cl (pH 7.5), 5 mM MgSO4,
10% (w/v) glycerol, 0.05% (w/v) DDM, 0.1 mM PMSF, and 0.1
mM TCEP). PEG6000 was pelleted by a 1-min centrifugation at
17,000� g, the pellet discarded, and the supernatant containing
the purified protein retained. To extract the c-oligomer (prote-
olipid), a chloroform/methanol extraction was performed
using purified MbbrA1Ao. This was carried out as described by
Dmitriev et al. (21) using 10% (w/v) citric acid as the buffer.
SDS-PAGE and Immunoblotting—MbbrA1Ao preparations

were routinely analyzed on 14% (w/v) polyacrylamide gels in
the presence of 0.1% SDS using the buffer system of Laemmli
(22). Polypeptide bands were visualized using either Simply
Blue� Safe Stain (Invitrogen) or by silver staining (23). Where
trichloroacetic acid (TCA) precipitation was applied, TCA was
added to purified MbbrA1Ao solution to a final concentration
of 10% (v/v) and incubated on ice for 5min. The precipitate was
pelleted by centrifugation for 5 min at 16,000 � g to ensure all
proteinwas collected, and the pellets were washedwith 200mM

Tris�Cl (pH 8.9). The pellet was resuspended in resuspension
buffer A, heated for 5min at 96 °C, and analyzed by SDS-PAGE.
During immunoblotting, membrane vesicles were subjected to
14% SDS-PAGE followed by electroblotting onto a polyvi-
nylidene difluoride membrane, ensuring efficient transfer by
including 0.02% (w/v) SDS in the running buffer of Laemmli
(22). Detection was achieved using a penta-His antibody con-
jugate (Qiagen) directed against the hexa-histidine tag of the A
subunits of the recombinant A1Ao as described previously (24).
The antibody-specific bands were visualized using the Super-
Signal� West Pico chemiluminescence system. The identifica-
tion of the A1Ao-ATP synthase subunits was further confirmed
bymatrix-assisted laser desorption/ionization tandem time-of-
flight mass spectrometry (MALDI TOF/TOF MS) on a 4800
MALDI TOF/TOF analyzer (AB Sciex, MA). Protein bands,
corresponding to the predicted sizes of theA1Ao subunits, were

excised from the gel, and proteins in-gel were digested with
trypsin following the protocol of Shevchenko et al. (25). All MS
spectrawere acquired in positive ionmodewith 800 laser pulses
per sample spot. The strongest 15 precursor ions per sample
spot were selected for collision-induced dissociation MS/MS
with 1600 laser pulses per precursor. For protein identification,
collision-induced dissociationMS/MS peak lists were searched
against the Swiss-Prot amino acid sequence data base using the
Mascot search engine.
Functional Assays—ATP hydrolysis activity was determined

at pH 6.5 in an assay containing 100 mM MES, 40 mM sodium
acetate, 40 mM Na2S2O5, 10 mM MgSO4, and 10% (w/v) glyc-
erol. For determination of ATPase activity in the absence of
sodium ions, the assay buffer contained potassium acetate and
K2S2O5 to replace the respective sodium salts. For pH range
examination (pH 5–9), 100 mM MES, 100 mM MOPS, and 100
mMTris�Clwere included. The reactionwas started using either
sodium-ATP or Tris-ATP to a final concentration of 2.5 mM.
ATPase activity was measured at 37 °C using a colorimetric
assay that detects inorganic phosphate liberated from ATP as
described previously by Heinonen and Lahti (26). Nonenzy-
matic degradation of ATP under these conditions was less than
10% of the total phosphate. One unit of ATPase activity is
defined as the amount of enzyme liberating 1 �mol of Pi or
ADP/min at 37 °C. Approximately 50–100 �g of recombinant
A1Ao-ATP synthase was used for measurements.
ATP synthesis experiments were performed using inverted

membrane vesicles of E. coliDK8 (�atp) expressingMbbrA1Ao
and prepared at pH 7.8. Assays were performed at 30 °C in 2ml
of assay buffer A containing 50 mM MES (pH 6.50), 40 mM

potassium acetate, 40mMK2S2O5, 10mMMgSO4, 160mMKCl,
1.5 mM ADP, 5 mM KH2PO4. Inverted membrane vesicles (0.5
mg) were diluted 40-fold into assay buffer, and ATP synthesis
reaction was initiated by the addition of 2 �M valinomycin to
induce a potassium diffusion potential of �100 mV as calcu-
lated using the Nernst equation: 59� log10([K�]out/[K�]in). To
create a chemical gradient of sodium ions (�pNa�) of 95 mV
(59 � log10([Na�]out/[Na�]in), NaCl-loaded (125 mM) vesicles
were diluted 40-fold into the assay buffer. Vesicles not loaded
with NaCl were subjected to the same treatment. At various
time intervals, 100-�l aliquots were removed and transferred to
400 �l of stop solution (1% (w/v) trichloroacetic acid, 2 mM

EDTA). Each sample was diluted 250-fold in water prior to the
measurement of ATP using the luciferin-luciferase assay (27).
To measure ATP, each sample was diluted into 400 �l of Tris
acetate buffer (50mMTris acetate (pH 7.8), 2mMEDTA, 50mM

MgCl2) in a luminometer tube. Fifty �l of luciferin-luciferase
reagent (Sigma) was added to the tube, and the chemilumines-
cence was monitored with an FB12 chemiluminometer
(Berthold). The amount of ATP synthesized was calculated
from a standard curve performed on the day of each set of ATP
measurements. For each individual experimental set, the pres-
ence of background ATP was measured using nonenergized
vesicles and subtracted from total ATPmeasured. Protein con-
centrationswere determined using a bicinchoninic acid protein
assay kit (Sigma) with bovine serum albumin as the standard.
Molecular Modeling and Inhibitor Docking—The M. rumi-

nantium c-oligomer was modeled in Coot (28) using the rotor
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ring structure of ATP synthase subunit K of Enterococcus hirae
(ProteinData Bank codes 2CYDand 2DB4) as a template. Using
the Clustal sequence alignment of the deduced amino acids,
individual residues were mutated taking care to correctly fit
rotamers to produce the most accurate homology model.
Molecular docking experiments were carried out using the pro-
gram Genetic Optimization for Ligand Docking (GOLD), ver-
sion 5.0 (29), and favoring the Piecewise Linear Potential
(CHEMPLP) fitness function. The binding site was composed
of residues that fell within 10 Å of the conserved active site
residue Glu-140. The GOLD runs employed a 100% search effi-
ciency, and the diverse solutions options was turned on using a
cluster size of 2 and root mean square deviation of 2 Å. Hydro-
gen bonding interactions were encouraged with the active site
glutamate and the guanidinium moiety of inhibitors amiloride
and 5-(N-ethyl-N-isopropyl)amiloride (EIPA) (Scheme 1) by
allowing the residue to rotate freely during the docking process.
Twenty binding poses were generated and inspected for each
inhibitor, and conformations were chosen taking into account
their ranking, interactions with active site residues, and by
monitoring per atom scores generated by GOLD and the
CHEMPLP fitness function.

RESULTS

Growth of M. ruminantiumM1 on H2 and CO2 Is Dependent
on theMembrane Potential andaChemicalGradient of Sodium
Ions—M. ruminantiumM1 is found in ruminant animals fed a
wide variety of diets (30) and grows with H2 plus CO2 and for-
mate, producing methane (31). To study the role of different
electrochemical gradients in the growth of M1, we tested the
effect of various uncouplers, ionophores, and ATP synthase
inhibitors on the growth ofM. ruminantiumM1.M. ruminan-
tium M1 was inhibited by the protonophores CCCP, 2,4-dini-
trophenol (DNP), and 3,3�,4�,5-tetrachlorosalicylanilide (TCS),
but the sensitivity to these agents varied, with DNP and TCS
being the most potent (Fig. 1, A–C). Monensin, an electroneu-
tral Na�/H� antiporter that dissipates the chemical gradient of
Na� ions, was a potent growth inhibitor of M. ruminantium
M1 (Fig. 1D). Amiloride, and its more hydrophobic derivative
EIPA, are blockers of sodium channels and Na�/H� antiporter
activity, and both compounds inhibited growth ofM. ruminan-
tium M1 (Fig. 1, E and F). The ATP synthase inhibitors dicyc-
lohexylcarbodiimide (DCCD) and tributyltin chloride (TBT-
Cl) slowed growth of M. ruminantium M1, but only TBT-Cl
completely arrested growth (Fig. 1, G and H). Taken together,
these data demonstrate thatM. ruminantiumM1 requires both
a proton-motive force and sodium-motive force to grow and

that classical ATP synthase inhibitors slow growth of M1. To
study the role of these gradients inmembrane bioenergetics, we
purified and characterized the A1Ao-ATP synthase from M.
ruminantiumM1.
A1Ao-ATP Synthase from M. ruminantium M1—Membrane

vesicles of M. ruminantium M1 were prepared from cells
grown in anaerobic RM02 medium and assayed for ATPase
activity by measuring the liberation of Pi from ATP hydrolysis.
The specific activity of ATP hydrolysis in membranes of M.
ruminantiumM1was low, 0.080� 0.009 units/mg protein, but
comparable with theATPase activity of other A1Ao enzymes (8,
32–35). The ATPase activity ofM1membrane vesicles was sta-
ble at 4 °C for up to 5 days, and activity declined after this point
(data not shown). The ATPase activity of M1 membranes was
sensitive to TBT-Cl and amiloride (Fig. 2, A and B), but DCCD
was without significant effect (Fig. 2A).
The genome of M. ruminantium M1 has recently been

sequenced and harbors genes for an A-type ATP synthase (13).
The nine genes are arranged in an operon in the order aha-
HIKECFABD (viz. mru695-703) and encode the M. ruminan-
tiumM1A1Ao-ATP synthase subunits H, I (a), K (c), E, C, F, A,
B, and D, respectively. The start codon of each gene was desig-
nated by alignment of aha gene sequences with those of other
microorganisms and the positions of potential ribosome-bind-
ing sites. The genome contains only one copy of the aha
operon, and no F-type ATP synthases are present in the
genome sequence (13). The ahaHIKECFABD operon, coding
forMbbrA1Aowith a hexa-histidine tag at theN terminus of the
A subunit, was cloned into the expression plasmid pTrc99A,
and expression was tested in a number of different E. coli hosts:
atp operon deletion mutant E. coli DK8 (�atp) and common
E. coli expression strains C41, C43, and BL21. All cells were
induced with 1 mM IPTG, and immediately after induction the
growth rate of all E. coli strains slowed, although growth was
not completely inhibited (data not shown). The cells were
grown for 4 h at 30 °C after induction and harvested. An immu-
noblot of the inverted membrane vesicles, which targeted the
hexa-histidine tag on the N terminus of the A subunit, revealed
that the MbbrA1Ao was indeed expressed (Fig. 3A).
Various detergents, decyl maltoside, DDM, Triton X-100,

CHAPS, sodium cholate, octylglucoside, and FOS-choline,
were tested for their ability to extract and solubilize the A1Ao-
ATP synthase from E. colimembranes. FOS-choline (0.5% (v/v)
final concentration) was the most effective detergent for
extracting the A1Ao-ATP synthase from E. coli membranes
(�90%), but the enzyme lost activity rapidly in this detergent
(data not shown). DDM (1% (w/v) final concentration) was only
40% effective at extracting A1Ao, but the enzyme retained good
activity in this detergent. TheDDM-solubilized A1Ao was puri-
fied using immobilized metal (nickel-Sepharose) ion affinity
chromatography exploiting the His tag on the A subunit and
eluted with 100 mM imidazole. The A1Ao fraction was further
purified and concentrated by PEG precipitation (15% (w/v)
PEG6000), and the final preparation was resuspended in 10 mM

Tris�Cl (pH 8.0), 2 mM MgSO4, and 0.05% (w/v) DDM. The
activity of the purified A1Ao-ATP synthase was 0.92 units/mg
protein. SDS-PAGE analysis and MALDI-TOF MS analysis of
the purified recombinant enzyme identified all nine subunits

SCHEME 1. Structures of the MbbrA1Ao-ATP synthase inhibitors
amiloride and EIPA.
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(Fig. 3B) as follows: c subunit (atpK) (predicted 15 kDa), D sub-
unit (predicted 26.04 kDa), B subunit (predicted 48.63 kDa), A
subunit (predicted 62.3 kDa), F subunit (predicted 11.32 kDa), E
subunit (predicted 24.78 kDa), C subunit (predicted 42.45 kDa),
H subunit (predicted 11.09 kDa), and a subunit (atpI) (pre-
dicted 73.97 kDa). SDS-PAGE revealed a protein running at an
apparentmolecularmass of 68 kDa (Fig. 3B, lane 1). TCA treat-
ment, a procedure known to dissociate c-oligomers (36, 37),
resulted in the disappearance of this 68-kDa protein and the
appearance of a protein at 15 kDa, attributed to the size of the
monomeric c subunit (Fig. 3B, lane 2).
MbbrA1Ao Is Stimulated by Sodium Ions, and DCCD Inhibi-

tion Can Be Prevented via the Addition of Sodium Ions in a
pH-dependent Manner—The properties of the purified
MbbrA1Ao, unless otherwise stated, were examined measuring
the liberation of inorganic phosphate (Pi) fromATP hydrolysis.
The purified enzyme had an apparent Km for ATP of 0.55 mM

when theMg2�:ATP ratio wasmaintained at 2:1 (Fig. 4A). ATP
hydrolysis activity was dependent upon the presence of MgCl2,
with an apparent Km of 1 mM (Fig. 4B). ATPases capable of
translocatingNa� ions show a specific stimulation of their ATP
hydrolysis activity in the presence of low concentrations of
NaCl (37–40). ATPase activity of the purified A1Ao-ATP syn-
thase was stimulated 3–4-fold (pH 7.5) or 5–6-fold (pH 9.0)
with increasing concentrations of Na� (Fig. 4C). Kinetic analy-
ses of the data in Fig. 4, using the Lineweaver-Burk equation,
indicated that the apparentKm forNa� at pH7.0 and 9.0was 0.5
mM (data not shown). Inmembrane vesicles, ATPase activity at
4 °C appeared stable, retaining nearly 100%of the starting activ-
ity for a period extending beyond 4 days (Fig. 4D). This was in

FIGURE 2. ATP hydrolysis activity of inverted membrane vesicles of M.
ruminantium M1. Effect of TBT-Cl and DCCD (A) and amiloride (B) on ATPase
activity. Inverted membrane vesicles were preincubated in assay buffer for 30
min at 37 °C in the presence of either TBT-Cl (closed circles) or DCCD (open
squares) or amiloride (closed squares) before the reaction was started by the
addition of 2.5 mM (final concentration) of sodium-ATP. Controls received
solvent only. ATPase activity was determined using a colorimetric assay that
measured the amount of inorganic phosphate liberated at 37 °C and pH 6.5.
The values are the means of duplicate determinations, and the experimental
error associated with these values was less than 15%. One hundred percent
activity was equivalent to 28 –34 milliunits/mg protein.

FIGURE 1. Effect of protonophores, ionophores, and ATP synthase inhibitors on the growth of M. ruminantium M1 in batch culture. A, CCCP was added
at 71 h to give final concentrations of 100 �M (open squares), 200 �M (open triangles), and 500 �M (open circles). B, DNP was added at 97 h to give final
concentrations of 2 �M (open triangles) and 20 �M (open squares). C, TCS was added at 91 h to give final concentrations of 2 �M (open squares), 5 �M (open
triangles), and 10 �M (solid diamonds). D, monensin was added at 71 h to give final concentrations of 1 �M (closed circles), 5 �M (open squares), and 10 �M (open
triangles). E, amiloride was added at 92 h to give final concentrations of 20 �M (closed circles), 200 �M (open triangles) and 2 mM (open circles). F, EIPA was added
at 48 h to give final concentrations of 20 �M (closed circles), 50 �M (open triangles), and 100 �M (open squares). G, DCCD was added at 71 h to give final
concentrations of 100 �M (open squares) and 200 �M (open triangles), and 100 �l of ethanol (closed circles). H, TBT-Cl was added at 49 h to give final concentra-
tions of 2 �M (closed circles), 20 �M (open triangles), and 50 �M (open circles). For all ethanol/DMSO-soluble inhibitors, 100 �l was also added to another series of
cultures as a control. The symbols are means of three replicates, and the thin vertical bars represent one standard error on either side of the mean.
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contrast to the stability of the enzyme in its purified form in
detergent solution, which progressively lost activity over the
same time period (Fig. 4D).
A characteristic property of F-type ATPases is their specific

inhibition by DCCD (41). This inhibition is due to the covalent
binding of DCCD to a highly conserved carboxyl residue (glu-
tamic acid or aspartic acid) in the c subunit shown to be located
in themiddle of the cytoplasmicmembrane (42, 43). Protection
from DCCD inhibition in a pH-dependent manner by Na� has
been observed with the F-type ATP synthases from Propionige-
nium modestum (44), Acetobacterium woodii (45), Ilyobacter
tartaricus (46), Clostridium paradoxum (40), and the A-type
enzyme fromM. marburgensis strain Marburg (9, 10).

The pH optimum for ATP hydrolysis activity of the purified
A1Ao-ATP synthase was broad, with high levels of activity over
the pH range 5.5 to 9.0 (Fig. 5A). In the presence of 125 mM

NaCl, the A1Ao enzyme had higher levels of ATPase activity in
the alkaline pH range.When theA1Ao enzymewas incubated in

the presence of increasing concentrations of DCCD for 20 min
at pH6.5 or 8.5 and then assayed forATPase activity, significant
inhibition of ATPase activity by DCCDwas observed at 100 �M

(Fig. 5B). If 125mMNaCl was included in the assay withDCCD,
the enzymewas protected fromDCCD inhibition, and this pro-
tection was greatest at pH 8.5 (Fig. 5B). The effect of pH on
either DCCD (Fig. 5C) or TBT-Cl (Fig. 5D) inhibition of
ATPase activity was tested in the presence and absence of 125
mMNaCl. DCCD inhibited theA1Ao over a broad pH range, but
if NaCl was present, the inhibition by DCCD was pH-depen-
dent, and no inhibition was observed at high pH (Fig. 5C). In
contrast, TBT-Cl inhibited ATPase activity over a broad pH
range, and this inhibition was unaffected by NaCl (Fig. 5D).
ATP Synthesis in Inverted Membrane Vesicles Can Be Driven

by an Artificially Imposed �pNa� in the Presence of ��—To
study vectorial ion transport with the MbbrA1Ao, ATP synthe-
sis was examined in invertedmembrane vesicles of E. coli (DK8
�atp) expressing the enzyme. ATP synthesis in inverted mem-
brane vesicles was studied using a valinomycin-induced potas-
siumdiffusion potential (Fig. 6).When invertedmembrane ves-
icles (pH 7.8) were diluted 40-fold into assay buffer A, no ATP
synthesis was detected, even though a�pH gradient of 1.3 units
was present (Fig. 6A). However, if 2 �M valinomycin was added
to generate a potassium diffusion potential of 100 mV, ATP
synthesis proceeded at a rate of 30 nmol of ATP/min/mg pro-
tein (Fig. 6A). ATP synthesis under these conditions was com-
pletely eliminated by preincubation of the vesicles with TBT-
Cl, DCCD, or CCCP (Fig. 6A). Monensin had no effect on ATP
synthesis under these conditions, indicating that ATP synthesis
was not dependent on a chemical gradient of sodium ions (Fig.
6A). The effect of sodium ions on ATP synthesis was also stud-

FIGURE 3. Expression and purification of MbbrA1Ao-ATP synthase from E.
coli. A, expression of MbbrA1Ao (hexa-histidine tag of the A subunit) in vari-

ous E. coli hosts. 1st lane, DK8 cells uninduced (�); 2nd lane, DK8 cells induced
(�); 3rd lane, C43 cells uninduced; 4th lane, C43 cells induced; 5th lane, C41
cells induced; 6th lane, C41 cells uninduced; 7th lane, BL21 cells uninduced;
8th lane, BL21 cells induced. All cells were induced with 1 mM IPTG and har-
vested after 4 –5 h of incubation at 30 °C. B, SDS-PAGE analysis of the purified
MbbrA1Ao-ATP synthase. Samples were resolved on 14% polyacrylamide gel
and stained with silver. Lane 1, 5 �g of purified MbbrA1Ao; lane 2, 5 �g of
purified MbbrA1Ao treated with TCA. The molecular masses (in kilodaltons)
corresponding to a broad range molecular mass marker (Invitrogen) are indi-
cated on the left. The predicted molecular masses of the individual subunits
are given on the right.

FIGURE 4. Biochemical properties of the purified MbbrA1Ao-ATP syn-
thase. Effect of ATP (A) and MgCl2 (B) on ATPase activity. ATP hydrolysis assays
were performed at pH 6.5 with 7.5 �g of purified MbbrA1Ao in the presence of
125 mM NaCl using a colorimetric assay that measured the amount of inor-
ganic phosphate liberated at 37 °C. C, effect of NaCl on ATPase activity at pH
6.5 (open circles) and pH 8.5 (closed circles). ATP hydrolysis was performed with
7.5 �g of purified A1Ao-ATP synthase using the potassium salt of ATP. D,
stability of the purified MbbrA1Ao at 4 °C in 0.05% (w/v) DDM (closed squares)
and MbbrA1Ao in E. coli membrane vesicles (open circles).
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ied usingmembrane vesicles loaded with NaCl and diluted into
assay buffer without NaCl to generate a �pNa� of 95 mV. No
ATP was synthesized under these conditions (Fig. 6B). How-
ever, ATP synthesis was observed under identical conditions if
a valinomycin-induced potassium diffusion potential of 100
mV was also applied (Fig. 6B). ATP synthesis under these con-
ditions was inhibited by monensin, TBT-Cl, or DCCD, but not
significantly by CCCP (Fig. 6B)
Duplicated c Subunit of MbbrA1Ao Harbors Two Putative

Sodium-binding Motifs—Analysis of the ahaK (c subunit
encoding) gene by amino acid sequence alignment, including
comparison to the rotor ring subunits from F-, V-, and A-type
ATPases/synthases, revealed that the MbbrA1Ao c subunit is
duplicated with respect to the two�-helix F-type ATP synthase
c subunits and contains four transmembrane helices, forming
two �-helical hairpins (Fig. 7). wo conserved carboxylate resi-
dues (Glu-59 and Glu-140) are present on the second and
fourth helices. Each hairpin displays a complete sodium ion-
binding signature (47–49), composed of identical amino acid
residues. The first motif on helix 1 (H1) and 2 (H2) includes the
amino acids Gln-30 (H1), Leu-57 (H2), Glu-59 (H2), Thr-60
(H2), Gln-61 (H2), andTyr-64 (H2); the secondmotif on helix 3
and 4 includes Gln-111 (H3), Leu-138 (H4), Glu-140 (H4), Thr-
141 (H4), Gln-142 (H4), and Tyr-145 (H4). The distribution of
one Na�-binding site per hairpin resembles the Na�-binding
signature, which is usually found in F-type ATP synthases (47,

48). However, in both binding sites, two glutamines are present,
which appear be involved in Na� coordination in the same way
it has been described for the K-ring of the E. hirae V-type
ATPase (49). Based on this analysis, we hypothesize that M.
ruminantium contains duplicated c subunits, consisting of two
fused �-helical hairpins, and each of the hairpins forms a com-
plete Na�-binding site, which is equivalent to that found in the
K-ring of E. hirae V-type ATPase.
Modeling Amiloride and EIPA within the c-oligomer of M.

ruminantium—Amiloride inhibited ATPase activity at high
concentrations and both amiloride and EIPA inhibited the
growth ofM. ruminantiumM1 (Fig. 1, E and F). Amiloride has
been reported to interactwithNa�-dependent F-typeATP syn-
thases (50, 51) but not A-type enzymes. To investigate this pro-
posed interaction, amiloride and EIPA were docked within the
active site of the c-oligomer ofMbbrA1Ao to delineate any clear
differences in binding orientation and activity between the
inhibitors. Because both Na� coordination sites within the c
subunit of M. ruminantium M1 display significant sequence
and structural similarities (Fig. 7) and the docking poses for

FIGURE 5. Effect of pH, NaCl, and DCCD on the activity of the MbbrA1Ao-
ATP synthase in inverted membrane vesicles from E. coli DK8 (�atp). A,
effect of external pH on ATPase activity in the presence (closed circles) and
absence (open circles) of 125 mM NaCl. B, effect of DCCD concentration on
ATPase activity at pH 6.5 (open circles) and 8.5 (open squares) in the absence
(open symbols) or presence (closed symbols) of 125 mM NaCl. C, effect of exter-
nal pH on DCCD (250 �M) inhibition of ATP hydrolysis activity in the presence
(closed circles) and absence (open circles) of 125 mM NaCl. D, effect of external
pH on TBT-Cl (150 �M) inhibition of ATP hydrolysis activity in the presence
(closed circles) and absence (open circles) of 125 mM NaCl. E. coli DK8 (�atp)
membranes containing MbbrA1Ao (25 �g) were incubated at 37 °C in buffer at
either 6.5 or 8.5 with either DCCD or TBT-Cl (plus and minus 125 mM NaCl) for
30 min and then assayed for ATPase activity. Each point is the result of two to
three biological replicates and the standard error associated with this meas-
urement is shown.

FIGURE 6. ATP synthesis properties of the MbbrA1Ao-ATP synthase in
inverted membrane vesicles from E. coli DK8 (�atp). Time course ATP syn-
thesis assays at pH 6.5 at 30 °C with 0.5 mg of inverted membrane vesicles. A,
ATP synthesis was initiated by the addition of a valinomycin (2 �M)-induced
potassium diffusion potential of �100 mV (solid circles), no valinomycin addi-
tion (open circles), CCCP (100 �M, solid triangles), TBT-Cl (150 �M, open squares),
and monensin (5 �M, open diamonds). B, effect of �pNa� on ATP synthesis by
inverted membrane vesicles. To generate a �pNa�, sodium-loaded vesicles
(125 mM NaCl) were diluted 40-fold into buffer A (50 mM MES (pH 6.50), 40 mM

potassium acetate, 40 mM K2S2O5, 10 mM MgSO4, 160 mM KCl, 1.5 mM ADP, 5
mM KH2PO4) containing one of the following: 3.1 mM NaCl (inside NaCl con-
centration, 125 mM) to generate a �pNa� of 95 mV (open circles); 3.1 mM NaCl
and 2 �M valinomycin to generate a generate a �pNa� of 95 mV and a K�/vali-
nomycin diffusion potential of �100 mV (solid circles); 5 �M monensin, 3.1 mM

NaCl, and 2 �M valinomycin to generate a generate a �pNa� of 95 mV and a
K�/valinomycin diffusion potential of �100 mV (open diamonds); 100 �M

CCCP, 3.1 mM NaCl, and 2 �M valinomycin to generate a generate a �pNa� of
95 mV and a K�/valinomycin diffusion potential of �100 mV (solid triangles);
150 �M TBT-Cl, 3.1 mM NaCl, and 2 �M valinomycin to generate a generate a
�pNa� of 95 mV and a K�/valinomycin diffusion potential of �100 mV (open
squares). Each point is the result of three technical replicates, and the stand-
ard error associated with this measurement is shown.
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EIPA at both sites are nearly identical (results not shown), the
simulations presented and described here are based exclusively
onNa� coordination site 2 for consistency. The rotameric free-
dom given Glu-140 was due to the active site alterations
thought to occur with the residue during ion translocation and
interaction with the stator arginine in the opposing subunit of
Na�-dependent ATP synthases (50, 51), which enabled the
establishment of critical hydrogen bond interaction between
the residue and guanidino group attached to both inhibitors.
Our rationale is that the guanidinium group of amiloride and
EIPA mimics the interaction of the conserved stator arginine
and is in competition for binding to the c-ring sites (50). In both
the EIPA and amiloridemodels, the guanidinium group forms a
close hydrogen bond with the acidic carboxylate of Glu-140, as
does the carbonyl of amiloride (2.4 Å) and, in the case of EIPA,
an additional van derWaals interaction with the hydroxyl moi-
ety of Tyr-64 (3.6 Å; Fig. 8, A and B). The pyrazine ring of EIPA
stacks on top of the side chain of Ile-144, whereas the 6-chloro
group bound to the pyrazine ring makes a van der Waals con-
tactwith the carbonyl ofAla-137 (3.4Å).A similar interaction is
observed with amiloride and the 3-amino group (3.3 Å),
although both molecules form van derWaals contacts with the
hydroxyl of Thr-141 via the pyrazine nitrogen of amiloride (2.9
Å) or the isopropyl nitrogen of EIPA (3.4 Å). A nonpolar/hy-
drophobic interaction with the phenyl ring of Tyr-145, the side

chain of Ile-144, and the methyl group of Thr-141 is made with
the ethyl group of EIPA and to some degree with the pyrazine
ring. Amiloride, lacks this hydrophobic moiety, and as a conse-
quence, we observed a larger number of orientations of the
molecule within the active site of A1Ao when compared with
EIPA orientations post-docking, suggesting that these hydro-
phobic contacts may provide a more stable enzyme-inhibitor
complex and in turn facilitated the additional contacts with
residues such as that observed with Tyr-64.
Overall, we would assert that the nonpolar/hydrophobic

moieties of EIPA and their interaction with active site residues
underpin its orientation and efficacy as an inhibitor of A1Ao
over amiloride, and both compounds form effective inhibitors
due to the promotion of essential hydrogen bond interactions,
particularly that with the acidic active site glutamate and gua-
nidinium moieties (52).

DISCUSSION

M. ruminantium inhabits the rumen of ruminant animals,
and recentwork suggests it is one of the predominantmethano-
gens in this environment (30).M. ruminantium grows by using
H2 to reduce CO2 to CH4 and couples this metabolism to the
generation of electrochemical gradients using primary pumps
for protons (heterodisulfide reductase complex) and sodium
ions (membrane-bound N5-methyltetrahydromethanopterin:

FIGURE 7. Alignment of the rotor ring subunits (c/K) from A-, V-, and F-type ATPases/synthases. The chains consist either of 1 (F-type) or 2 (A- and V-type)
�-helical hairpins (�-helix loop-�-helix motif). The residues involved in Na� coordination (47– 49) or H� coordination (62, 63) are given in colors. The c subunit
of M. ruminantium M1 harbors two hairpins, each displaying one complete Na�-binding signature. The signature is equivalent to the E. hirae Na� binding
signature (1 Na�-binding site per c/K subunit consisting of 4 �-helices), which involves in this case three �-helices. Residue numbering (according to the M.
ruminantium gene sequence) and �-helices are indicated. Loop regions are in boldface. Residue numbers of individual sequences are given at the beginning
and end of the sequences, and the asterisk indicates the sequence end. The ion-binding type (Na� or H�), the type of ATPase/synthase (A, V, and F), and the
involvement of which hairpins in ion binding for the individual sequences is indicated on the right side after the species name. Sources of amino acid sequences
were as follows: M. ruminantium M1 (Mbb. rum.; accession number YP_003423440), Methanosphaera stadtmanae (M. stad.; YP_448163), M. thermautotrophicus
(M. ther.; NP_276094), Methanobrevibacter smithii (Mbb. smi.; YP_001273012), Pyrococcus abyssi (P. aby.; NP_127441), Pyrococcus furiosus (P. fur.; NP_577907), E.
hirae (E. hirae; BAA04273), I. tartaricus (I. tart.; AAM94908.1), P. modestum (P. mod.; CAA41369.1), Clostridium paradoxum (C. par.; ABB13420.1), A. woodii (A. wo.
c2/3; AAC45088.2/AAF01475.1), Spirulina platensis (S. plat.; EF520738), and Bacillus pseudofirmus OF4 (B. ps. OF4; YP_003426325.1).
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coenzyme M methyltransferase). The sensitivity of M. rumi-
nantiumM1 to both uncouplers and sodium ionophores dem-
onstrates that both gradients are formed during growth and
that both are essential for growth. M. ruminantium M1 also
harbors genes for aNa�/H� antiporter, thus providing amech-
anism to interconvert sodium and proton gradients, depending
on the relative demand for either gradient during growth. One
might speculate that Na�/H� antiporters would be important
formethanogens that grow in environments of high salt (e.g. the
rumen) and employ aNa�-coupledATP synthase. Intracellular
sodium ions are toxic to microbial cells and therefore a mech-
anism to keep the intracellular sodium concentration low
would be an important transport system. The pH of the rumen
is �6.5 and is highly buffered, and therefore it is unlikely that
strain M1 utilizes a Na�/H� antiporter as a mechanism for pH
homeostasis.
Methanogens are the only microorganisms reported to pro-

duce two primary ion gradients (i.e. a sodium-motive force and
a proton-motive force) during growth, and how these two gra-
dients are used to synthesize ATP remains to be explained
experimentally (6). Initial hypotheses centered around the idea
of two types of ATP synthases in methanogens (e.g. M. mazei
and Methanothermobacter thermoautotrophicus), a sodium-
coupled F-type (53) and a proton-coupledA-type (54, 55).With
the advent of genome sequencing, it was revealed that the
majority of methanogen genomes, including M. mazei and M.
thermoautotrophicus, harbor only genes for A-type ATP syn-
thases. One notable exception is Methanosarcina acetivorans,
which has genes for both F-type and A-type ATP synthases.
Saum et al. (56) have recently shown that the F-type ATP syn-
thase is not essential for the growth of M. acetivorans. The M.
ruminantium M1 genome contains an ahaHIKECFABD
operon, and no genes for an F-type enzymewere identified. The
entire operon was successfully expressed in E. coli and the
MbbrA1Ao enzyme purified with all subunits present. We pro-
pose that this enzyme is able to use both protons and sodium
ions to synthesize ATP, with sodium ions being the preferred
coupling ion under the physiological conditions of the rumen
(high sodium and near neutral pH). The properties of
MbbrA1Ao define it as a sodium ion-translocating A-type ATP
synthase. ATP hydrolysis activity of the purified complex was
stimulated by sodium ions, and sodium ions provided protec-
tion against DCCD inhibition (but not TBT-Cl) in a pH-depen-
dent manner. Similar properties have been reported for the
A1Ao-ATP synthase fromMethanothermobacter marburgensis
strain Marburg. Work by Schönheit and co-workers (9, 10)
established that sodium ions stimulate ATP synthesis and
methanogenesis (at high sodium), and ATP synthesis was
insensitive to protonophores. Moreover, DCCD sensitivity was
observed only at low sodium concentrations (57). When we
assayed theATPhydrolysis activity of theMbbrA1Ao-ATP syn-
thase in inverted membrane vesicles prepared from M. rumi-
nantium cells, the enzyme was insensitive to DCCD but sensi-
tive to TBT-Cl. We attribute this result to the high sodium
content of the native membranes effectively protecting the
enzyme from DCCD inhibition as we observed in E. colimem-
brane vesicles when high salt was added.

FIGURE 8. Favored docked orientations of EIPA (A) and amiloride (B)
bound within the active site of the c-ring of MbbrA1Ao-ATP synthase.
These structures are taken from docking events promoting hydrogen bond-
ing between the carboxylate of Glu-140 and the guanidinium group of the
inhibitors. Hydrogen bond and van der Waals contacts are shown as dotted
lines. Residues within 4 Å of the inhibitor are shown. All pictures were pre-
pared using PyMOL (69).
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The growth ofM. ruminantiumM1was not particularly sen-
sitive to classical ATP synthase inhibitors (e.g.DCCDandTBT-
Cl). However, amiloride and EIPA were effective inhibitors of
growth. The inhibitory effect of amiloride on methanogen
growth is proposed to be by inhibition of Na�/H� antiporter
activity (58–60). In support of this contention, amiloride-re-
sistant mutants are defective in Na�/H� antiporter activity
(59). Amiloride and EIPA have also been shown to be inhibitors
of Na�-dependent ATP synthases (F-type) (38, 51). The inhibi-
tion of F-type enzymes is proposed to be mediated by a mim-
icking effect of EIPA and amiloride with the side chain of the
conserved arginine (stator charge) of subunit a (50, 51).
Amiloride and EIPA therefore compete with the subunit a argi-
nine (aR210 in E. coli) for binding to the c subunit in a manner
most likely described in our modeling experiments within the
active site of the c-ring, leading to enzyme inhibition. In our
modeling analysis, we provide an insight into better improving
the potential of these newly established inhibitors of the
MbbrA1Ao revealing critical interactions and the reasons that
they are established.
A major determinant of the ion specificity is the c subunit

that assembles to form the proteolipid c ring of Ao. The Ao c
subunit has striking variability among methanogenic archaea,
with two, four (duplicated), and six (triplicated) transmem-
brane �-helices reported from sequence comparisons (2, 61).
The amino acid analysis of the M. ruminantium M1 c subunit
reveals that it consists of two fused �-helical hairpins, as is usu-
ally found in V-type/A-type enzymes. The Na�-binding pocket
of the E. hirae V-type ATPase involves two �-helical hairpins
and contains the residues (E. hirae numbering) Leu-61, Thr-64,
Gln-65, and Tyr-68 on helix 2, Gln-110 on helix 3, and Glu-139
on helix 4 (49). However, in contrast to the E. hirae K subunit,
the M. ruminantium M1 c subunit shows two complete Na�-
binding motifs, each with the same five amino acids as the E.
hiraeNa�-binding signature (M. ruminantiumM1 numbering
Gln-30, Leu-57, Glu-59, Thr-60, Gln-61, and Tyr-64 on helices
1/2 and Gln-111, Leu-138, Glu-140, Thr-141, Gln-142, and
Tyr-145 on helices 3/4). These two amino acid signatures sug-
gest that the M. ruminantium M1 c-ring binds one Na� per
hairpin, and for eachNa�-binding site, five amino acid residues
are directly involved in ion coordination. One ion-binding site
per hairpin is found in the rotor rings of F-type ATP synthases
(47, 62, 63). However, in the case of the F-type Na�-binding
site, a water molecule acts as a fifth coordination site (48) but
not a glutamine (Gln-60 and Gln-142 for site 1 and 2, respec-
tively). The rotor ring of M. ruminantium M1 ATP synthase
therefore shares properties of both the V-type and F-type
ATPases/synthases.
A noteworthy feature of the c subunit in methanogen A1Ao-

ATP synthases is the presence of a sodium ion-binding signa-
ture (11), even in proton-coupled enzymes (8). The natural
environment of a methanogen will be a major factor in deter-
mining the ion specificity of the A-type enzyme for ATP syn-
thesis. For example, methanogens that inhabit marine environ-
ments (high salt) or those growing at extreme temperatures,
where the membrane becomes very permeable to protons but
not sodium ions (64), have been shown to utilize sodium-cou-
pled enzymes (10, 32, 65, 66). In contrast, ATP synthesis by the

A1Ao-ATP synthase of M. mazei (a freshwater species) can be
driven by an artificially imposed �pH gradient in E. colimem-
branes but not by �pNa� or ��Na� (8). Studies on the energi-
zation of ATP synthases from awide variety of microorganisms
demonstrate that these enzymes can be driven by the mem-
brane potential and/or the pH gradient using either protons or
sodium ions. Inmany cases, themembrane potential appears to
be obligatory, and for proton-coupled enzymes, a high concen-
tration of protons (pH 	 6.50) at the periplasmic side is
required to drive ATP synthesis (67, 68). Data presented here
showed that ATP synthesis catalyzed by MbbrA1Ao was
dependent on the membrane potential, irrespective of the cou-
pling ion, i.e. protons or sodium ions. M. ruminantium M1
grows over an external pH range of 6.5 to 7.7 at high concen-
trations of sodium ions that are present in the rumen (�100
mM) (31). Based on these chemical properties, Na�-coupled
energetics would be favored inM. ruminantiumM1 over pro-
ton-coupled processes, assuming bulk-to-bulk coupling, unless
the external pHof the rumenwas to drop significantly. This will
happen from time to time during sub-acute ruminal acidosis,
when the pH can drop as low as 5.5, but the rumen can continue
to function.
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