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Like the evolutionary related F1FO ATP synthases and V1VO ATPases, the A1AO ATP synthases from archaea are
multisubunit, membrane-bound transport machines that couple ion flow to the synthesis of ATP. Although the
subunit composition is known for at least two species, nothing is known so far with respect to the function of in-
dividual subunits or amino acid residues. To pave the road for a functional analysis of A1AO ATP synthases, we
have cloned the entire operon from Methanosarcina mazei into an expression vector and produced the enzyme
in Escherichia coli. Invertedmembrane vesicles of the recombinants catalyzed ATP synthesis driven by NADH ox-
idation aswell as artificial driving forces.ΔeμHþ aswell asΔpHwere used as driving forceswhich is consistentwith
the inhibition of NADH-driven ATP synthesis by protonophores. Exchange of the conserved glutamate in subunit
c led to a complete loss of ATP synthesis, proving that this residue is essential for H+ translocation. Exchange of
two conserved arginine residues in subunit a has different effects on ATP synthesis. The role of these residues in
ion translocation is discussed.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

ATP synthases from archaea form a distinct class of ATP synthases/
ATPases, the A1AO ATP synthases [1–5]. Like the evolutionary related
F1FO ATP synthases found in bacteria, mitochondria and chloroplasts
and the V1VO ATPases found in organelles of eukaryotes, the A1AO ATP
synthases consist of two motors coupled by a central and peripheral
stalk(s) [6–12] (Fig. 1). The membrane-bound AO motor contains
subunits a and c, the peripheral stalks are made by subunits E and H
and the A1 motor including the central stalk by subunits A, B, C, D, and F
[11,13–16]. The membrane-bound motor is a rotational machine that is
driven by inward flux of ions, driven by the electrical field across the
membrane [17,18]. Rotational movement is transmitted to the central
stalk by a coupling of subunits c and F, and rotation of the central stalk
thendrives conformational changes inA1 that lead toATP synthesis [3,19].

The general physiological function of A1AO ATP synthases is to syn-
thesize ATP at the expense of an electrochemical ion gradient [3,21].
In this regard, they are like F1FO ATP synthases. In contrast, their subunit
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composition resembles those of V1VO ATPases and their evolutionary
close relatedness is also reflected by sequence analyses of their major
subunits [22]. Thus, the A1AO ATP synthases are chimeric proteins com-
bining functional features of F1FO ATP synthases and structural features
of V1VO ATPases [3,22].

Intact holoenzymes of A1AO ATP synthases have been purified only
fromMethanocaldococcus jannaschii and Pyrococcus furiosus, their struc-
tures have been determined by electron microscopy at 18 [23] and 23 Å
resolution [11], respectively, and after heterologous production in
Escherichia coli from Methanobrevibacter ruminantium [24]. In addition,
the subunits of the A1 part A, B, C, D, F, E and H have been produced in
E. coli, crystallized and high-resolution structures have been obtained
[25–30]. Structures of the c ring from an A1AO ATP synthase present
in the bacterium Enterococcus hirae [31] and the soluble part of a
from Meiothermus ruber have also been obtained [32]. Moreover,
subcomplexes of the A1 motor were produced in E. coli [15,33–35].
Despite the considerable increase in structural information, themolecu-
lar basis of A1AOATP synthase function is largely unknown. This ismain-
ly due to the fact that detailed structure-function relationships by
mutagenesis studies could not be established due to the lack of a genetic
system for M. jannaschii and P. furiosus. This may be changing since a
naturally transformable mutant of P. furiosus was described recently
[36]. However, the A1AO ATP synthases fromhyperthermophiles proved
to be disadvantageous for studying ATP synthesis in vitro, since a func-
tional proteoliposome system could not be established due to the insta-
bility of liposomes at 80 °C [23]. To circumvent the problem, we have
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Fig. 1. 3D reconstructionmap of the A1AO ATP synthase of P. furiosus. Structures of the sin-
gle subunits were fitted into the individual densities of the EM map. Subunit A from
P. horikoshii is shown in orange (PDB/3I4L), subunits B and F from M. mazei in
dark green (PDB/2C61) and violet (PDB/2OV6), subunit C from T. thermophilus in blue
(PDB/1R5Z), and subunit D and the c ring from E. hirae are colored in gray (PDB/3AON)
and wheat (PDB/2BL2). The EH dimer from T. thermophilus is shown in green and cyan
(PDB/3K5B); the E subunit from P. horikoshii and the H subunit from T. thermophilus,
colored in red (PDB/4DT0) and cyan (PDB/3K5B), were fitted into the electron density of
the second peripheral stalk. The soluble part of subunit a fromM. ruber is shown in yellow
(PDB/3RRK). The yellow barrel represents themembrane-embedded part of subunit a, for
which no structure is available. Figure reproduced from [5,20].
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expressed the aha operon encoding the A1AO ATP synthase from the
mesophilic methanoarchaeon Methanosarcina mazei in E. coli. The
A1AO ATP synthase was functionally produced in the F1FO ATP
synthase-negative strain E. coli DK8 and we will present the first muta-
genesis study on an A1AO ATP synthase that led to the identification of
three residues important for ATP synthesis.

2. Materials and methods

2.1. Materials

All chemicals were obtained from AppliChem GmbH (Darmstadt),
Carl Roth GmbH (Karlsruhe), Fluka Chemie GmbH (Buchs, Schweiz),
ForMedium (Hunstanton, UK), Merck KG (Darmstadt), Serva Electro-
phoresis GmbH (Heidelberg) and Sigma-Aldrich Chemie GmbH
(Steinheim). Restriction enzymes and DNA polymerase were from
Fermentas GmbH (St. Leon-Rot) or New England Biolabs GmbH
(Frankfurt) and Finnzymes (Vantaa, Finnland). Ni2+NTA agarose was
from Macherey and Nagel (Düren). The antibiotics ampicillin and
chloramphenicol were obtained from Carl Roth GmbH (Karlsruhe) and
Serva Electrophoresis GmbH (Heidelberg).

2.2. Organisms and plasmids

Methanosarcina mazei Gö1 (DSM 3647) was obtained from
the ‘Deutsche Sammlung für Mikroorganismen und Zellkulturen’,
Braunschweig, Germany, and grown under strictly anaerobic conditions
as described [37,38]. E. coliDK8 (1100Δ(uncB-uncC) ilv::Tn10) [39] and
DH5α (supE44 ΔlacU169 Φ80lacZ ΔM15 hsdr17 recA1 endA1 gyrA96
thi1 relA1) [40] were obtained from the ‘Deutsche Sammlung für
Mikroorganismen und Zellkulturen’, Braunschweig, Germany. The
cells were grown in Luria-Bertani (LB) media at 37 °C; gene expression
was induced at an OD600 nm of 0.6–0.8 by addition of 1 mM IPTG. At an
OD600 nm of 1.5–1.7, the cells were harvested by centrifugation
(11,300 g, 4 °C, 10 min) and stored at −80 °C. The plasmids used
were pRPG54 [41], pRT1 [38], pSE420 (Invitrogen, Karlsruhe), pRIL
(Stratagene, CA, USA), pA40, and pA40hisA.

2.3. Complementation assay

For complementation assays E. coli DK8 pA40, E. coli DK8 pRIL pA40
or E. coli DK8 pRPG54 (encoding the F1FO ATP synthase of E. coli under
control of the native promoter) were grown on solid medium contain-
ing 33.8 mM KH2PO4, 48.7 mM K2HPO4, 19.7 mM NH4SO4, 146 μM
MgSO4, 0.5 μMFeSO4, 10.2 μMZnCl2, 7.4 μMCaCl2, 0.025% yeast extract,
50 μM thiamine, 0.2 mM isoleucine, 0.2 mM valine, pH 7 and 1.5% agar
[42], over night at 37 °C. 1 mM IPTG and 10mM glucose or 20 mM suc-
cinatewere added to induce the production of the A1AO ATP synthase or
as carbon source, respectively.

2.4. Construction of the plasmid pA40

The genes encoding theA1AO ATP synthase ofM.mazeiGö1 are orga-
nized in the aha operon in the order 5′-ahaH, ahaI, ahaK, ahaE, ahaC,
ahaF, ahaA, ahaB, ahaD, ahaG-3′. The whole operon and part of the
hypF gene was cloned in one step using SalI and SacI from pRT1 [38]
into the vector pSE420 resulting in the plasmid pA40, which includes
the aha operon under the control of an IPTG inducible Ptrc promoter.
The identity of the construct was confirmed by restriction mapping
and DNA sequence analyses.

2.5. Construction of the plasmid pA40hisA

To enable a one step purification of the A1AO ATP synthase a
hexahistidine tag was genetically attached to the N-terminus of the A
subunit using site directed mutagenesis. The following primers were
used after phosphorylation to amplify the entire pA40 plasmid and in-
sert six histidine codons at the 5′ end of ahaA: MmahaA_his_SDMfor 5′-
AGGTCAGTCGAGTGCACCAT CACCATCACCATGAAGTAAAAGGTGAAATT
TATCGTG-3′ and MmahaF_SDMrev 5′-TTACTTCCACAGATCAACACCTAC-
3′. The amplification product was digested with DpnI, to break down
template DNA, and afterwards religated resulting in the plasmid
pA40hisA. The construct was verified by DNA sequence analyses.

2.6. Construction of the plasmids pA44, pA43, pA47, pA48, pA49*, pA50 and
pA51

The followingmutationswere introduced via site directedmutagen-
esis with pA40hisA as template DNA and the following primers. cE65Q
(pA44): MmahaKE65Qfor 5′-ATTCCACAAACCATCGTTATCTTC-3′,
MmahaKE65QSDM_rev 5′-GACAGTAAGAATAAGACCCTTAC-3′. aR563A
(pA43): MmahaIR563Afor 5′CGTATGCTGCTATTATCGCAGTC-3′,
MmahaIR563ASDM_rev 5′-AAAGTGCATTACCCATAAGAGATG-3′;
aR563K (pA47): MmahaIR563KforPhos 5′- CGTATGCTAAGATTATCGC
AGTCGGT-3′, MmahaIR563KrevPhos 5′-AAAGTGCATTACCCATAAGAGA
TGG-3′; aR625A (pA48): MmahaIR625Afor 5′-GCGTTGCAGTATGTAG
AATTCTTTGGAAAATTC-3′, MmahaIR625ASDMrev 5′-GAGTGCGTGCAG
TCCAGGAGCGATG-3′; aR625K (pA49*): MmahaIR625Kfor 5′-
AAGTTGCAGTATGTAGAATTCTTTGG AAAATTC-3′ with MmahaI
R625ASDMrev. The double mutations were generated with pA48
(aR625A) or pA47 (aR563K) respectively as template DNA and
the following primers: aR563A R625A (pA50): MmahaIR563Afor,
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MmahaIR563ASDM_rev; aR563K R625K (pA51): MmahaIR625A
SDMrev, MmahaIR625Kfor. The mutations were introduced via the
forward primers and are labeled in bold face. The plasmid constructs
were verified by restriction mapping and sequence analyses.

2.7. Attempts to purify the A1AO ATP synthase via affinity chromatography

Two to three grams of cells (E. coli DK8 pRIL pA40hisA) were resus-
pended in 10 ml of TMGD buffer (50 mM Tris, 5 mM MgCl2, 1 mM DTE,
0.1 mM phenylmethanesulfonyl fluoride and 10% (v/v) glycerol,
pH 7.5). A spatula tip of DNAse was added and cells were disrupted by
three passages through a French Press (1000 psiG). Cell debris was
removed by centrifugation (23,700 g, 4 °C, 20 min), membranes were
harvested by ultracentrifugation and washed in TMGD buffer once
(160,000 g, 4 °C, 60 min). Washed membranes were resuspended in
1 ml TMGD buffer. The protein concentration was determined by
Bradford [43] and adjusted to 10mg/ml. The A1AO ATP synthasewas sol-
ubilized from the membranes by addition of 1% (w/v) DDM and incuba-
tion for 60min at 4 °C inmotion. Residual membranes were removed by
ultracentrifugation (160,000 g, 4 °C, 60min), the supernatant containing
the ATP synthase was incubated with 3 ml of Ni2+NTA agarose for
60 min at 4 °C under shaking. Elution was performed after two washing
steps with washing buffer (50mM Tris/HCl, 300mMNaCl, 20mM imid-
azole, pH 8) with stepwise increasing concentrations of imidazole
(110–190 mM) in 5 ml washing buffer. The ATP synthase containing
fractions were collected, pooled and concentrated to a volume of 500 μl.

2.8. Preparation of inverted membrane vesicles

Three to six grams of E. coli cells were resuspended in 5 ml TMGD
buffer (50 mM Tris, 5 mM MgCl2, 1 mM DTE, 0.1 mM phenyl-
methanesulfonyl fluoride and 10% (v/v) glycerol, pH 7.5) per g cell
material. Cells were disrupted by one passage through a French Press
(400 psiG). Cell debris was removed by centrifugation (23,700 g, 4 °C,
20 min). The inverted membrane vesicles were harvested by ultra-
centrifugation and washed in TMGD-buffer once (160,000 g, 4 °C,
60 min). The protein concentration was determined as described [43].
The presence of the single subunits was verified byWestern blot analy-
ses as described [44]. To compare the amounts of ATP synthase in the
membranes the blots were analyzed densitometrically via ImageJ
(Wayne Rasband, USA).

2.9. NADH-driven ATP synthesis catalyzed by inverted membrane vesicles

The experiments were performed at 37 °C. 100 μg inverted mem-
brane vesicles were diluted in 500–750 μl ATP synthesis buffer (25 mM
Tris/HCl, 5 mM KH2PO4, 5 mM MgCl2, 10% (v/v) glycerol, 5 mM NaCl,
0.12 mM ADP, pH 7.5) to a final protein concentration of 0.2 mg/ml.
ATP synthesis was induced by the addition of 2 mM NADH from a
stock solution. 5 μl samples were taken every minute and the ATP con-
tent was monitored using the luciferine–luciferase-assay as described
[45]. In case of inhibitor studies, the vesicles were preincubated in the
test buffer with the indicated inhibitor for 20 min at 37 °C. Inhibitors
were added as ethanolic solutions, controls contained the solvent only.

2.10. Generation of artificial driving forces in invertedmembrane vesicles of
E. coli DK8 pRIL pA40

Different artificial driving forceswere applied to invertedmembrane
vesicles to induce ATP synthesis. For ΔeμHþ -induced ATP synthesis an
artificial proton gradient as well as a potassium diffusion potential
was applied to the membrane vesicles. Therefore, 7 μl of the inverted
membrane vesicles (25–45 μg/μl) were diluted into 42 μl of reconstitu-
tion buffer (20mM tricine, 20mMsuccinate/NaOH, 0.6mMKCl, 80mM
NaCl, 5mMMgCl2, 10% (v/v) glycerol, pH 8.0). 43 μl of thismixturewere
added to 217 μl of the acidic buffer (20 mM succinate/NaOH, 0.6 mM
KCl, 2.5 mM MgCl2, 5 mM NaH2PO4, 0.2 mM ADP, 1 μM valinomycin,
pH 4.7) and preincubated for 2 min at 37 °C to decrease the internal
and external pH to 5.2. By addition of the alkaline buffer (200 mM
tricine/KOH, 50 mM KCl, 2.5 mMMgCl2, 5 mM NaH2PO4, 0.2 mM ADP,
pH 8.8) the external pH was increased to 8, whereby a proton gradient
was established across the membrane. Due to the increase of the K+

concentration and the presence of valinomycin an influx of K+ into
the vesicles was induced that generated an electric field (Δψ) in addi-
tion. The final protein concentration was 0.4 mg/ml.

To apply an artificial proton gradient exclusively the previous proto-
col wasmodified: the K+ concentration in both buffers was increased to
200mMto avoid K+ influx and the pHvalues of the alkaline bufferwere
varied to apply different proton gradients. The buffer compositions
were the following for the acidic buffer (20 mM succinate, 200 mM
KCl, 2.5 mM MgCl2, 5 mM NaH2PO4, 0.2 mM ADP, 1 μM valinomycin,
pH 4.7) and the alkaline buffer (200 mM tricine/KOH, 200 mM KCl,
2.5 mM MgCl2, 5 mM NaH2PO4, 0.2 mM ADP, pH 4.7–9.3). For Δψ-
induced ATP synthesis the K+ concentrations in the second buffer
were varied, whereas the pH values were adjusted to 7.5. Therefore
the vesicles were preincubated in buffer 1 (200 mM Tris/HCl, 0.6 mM
KCl, 2.5 mM MgCl2, 5 mM NaH2PO4, 0.2 mM ADP, 1 μM valinomycin,
pH 7.5) and the reactionwas started by the addition of the secondbuffer
(200 mM Tris/HCl, 0.6–1147 mM KCl, 2.5 mM MgCl2, 5 mM NaH2PO4,
0.2 mM ADP, pH 7.5).

3. Results

3.1. Production and cellular localization of the A1AO ATP synthase of
M. mazei Gö1 in E. coli DK8 pRIL pA40

In previous studies the aha operon had been cloned into the plasmid
pRT1 under the control of the arabinose-inducible PBAD promoter [38].
To enable expression without the addition of the fermentable sugar
arabinose the entire operon was recloned into pSE420, under the con-
trol of the IPTG-inducible Ptrc promoter, resulting in the plasmid pA40.
For purification of the enzyme a hexahistidine tag was introduced to
the exposed N-terminal domain of the soluble subunit A [46]. Plasmid
pA40 was transformed into the F1FO ATP synthase-negative strain
E. coli DK8 [39]. To improve codon usage, the pRIL plasmid, coding for
rare tRNAs, was transformed in addition. Transformants were grown
on LB, gene expression was induced by addition of 1 mM IPTG and
cells were harvested. Cell free extract was prepared and separated
into cytoplasm and membrane fraction. Only in cells expressing the
aha operon subunit A was detectable via Western blot analysis. It was
present in the membrane fraction indicating that the methanoarchaeal
ATP synthase was incorporated into the cytoplasmic membrane of
E. coli (Fig. 2). Densitometric analysis revealed that membrane vesicles
of E. coliDK8 pRIL pA40 contained 1.5 timesmore ATP synthase subunit
A than vesicles of E. coli DK8 pA40. The presence of other subunits was
also confirmed byWestern blot analysis. Subunit cwas found in the cy-
toplasmic membrane exclusively, whereas subunits D and F were also
found in the cytoplasm. The A1AO ATP synthase produced in E. coli was
capable of ΔpH-driven ATP-synthesis, as seen before with the enzyme
produced from plasmid pRT1 (data not shown) [38].

3.2. The A1AO ATP synthase does not complement the ATPase deficient strain
E. coli DK8

To establish a system that allows fast functional screening of various
A1AO ATP synthase mutants, a complementation assay should be
established. The F1FO ATP synthase-negative E. coli strain ought to be
complemented by the produced A1AO ATP synthase to allow for growth
on non-fermentable carbon sources such as succinate. Therefore, plas-
mid pA40 was transformed into E. coli DK8 pRIL and growth was ana-
lyzed on glucose or succinate as energy and carbon source. E. coli DK8



Fig. 2. Detection of subunit A in membrane vesicles of E. coli DK8 pRIL pA40. Cellular
extract (CE), cytoplasm (CP) and membrane fractions (M), 2 μg each, of E. coli DK8 pRIL
pSE420 (as negative control), DK8 pA40 and DK8 pRIL pA40 were prepared and analyzed
byWestern Blot with antibodies against AhaA. Cell extract fromM.mazei (CEM.m., 10 μg)
was used as positive control. The presence of subunit A is marked.
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pRPG54 (encoding the F1FO ATP synthase of E. coli under control of the
native promoter) was used as positive control. The IPTG concentration,
pH value and Na+ concentration were varied, but the A1AO ATP syn-
thase was not able to restore growth of E. coli DK8 pA40 on succinate,
although E. coli DK8 pA40 and E. coli DK8 pRIL pA40 grew well on glu-
cose. Since the complementation assay proved to be not feasible, we
aimed to analyze ATP synthesis in a more defined in vitro system.

3.3. Attempts to purify the A1AO ATP synthase

To analyze the A1AO ATP synthase in an isolated system,we aimed to
purify it frommembranes of E. coli DK8 pRIL pA40hisA via affinity chro-
matography as described in Materials and methods section. First at-
tempts appeared to be successful as a native complex of around
700 kDawas visible after native gel electrophoresis, but deeper analyses
by analytical gel filtration revealed that the A1AO ATP synthase tends to
disaggregate into subcomplexes during purification. To increase the sta-
bility of the whole enzyme during the purification process, we altered
the conditions of growth and buffer composition, including different
media, buffer components and stabilizing agents as compatible solutes,
as well as the conditions for disruption of the cells, solubilization from
the membranes with different detergents at temperatures from 4 °C to
37 °C and purification itself but with no significant effect. Since the pu-
rification was not successful, we analyzed the function of the ATP syn-
thase in an inverted membrane vesicle system.

3.4. Inverted membrane vesicles of E. coli DK8 pRIL pA40 catalyze NADH-
driven ATP synthesis

Invertedmembrane vesicles (IMVs) were prepared from E. coli DK8.
Upon the addition of NADH to the IMVs, it was oxidized with a rate of
Fig. 3. ATP synthesis driven by oxidation of NADH catalyzed by inverted membrane vesi-
cles of E. coliDK8. [A] Schematicmodel of invertedmembrane vesicles energized byNADH
oxidation. [B] Inverted vesicles of E. coli DK8 pA40 (□), DK8 pRIL pA40 (▲) as well as DK8
pRPG54 (♦) (encoding the F1FO ATPase of E. coli) and E. coli DK8 pRIL pSE420 (■) (nega-
tive control) were incubated in ATP synthesis buffer (25 mM Tris/HCl, 5 mM KH2PO4,
5 mMMgCl2, 10% (v/v) glycerol, 5 mM NaCl, 0.12 mM ADP, pH 7.5; final protein concen-
tration 0.2 mg/ml). At the time point indicated by the arrow, NADH was added to a final
concentration of 2 mM and ATP was determined by the luciferine–luciferase-assay. [C]
Preincubation of inverted membrane vesicles of E. coli DK8 pRIL pA40 in the presence of
DCCD or DES inhibited ATP synthesis. Controls contained the solvent only. Shown is the
average of two measurements. [D] NADH oxidation was followed at 340 nm (black).
Preincubation in presence of 20 μM DCCD inhibited NADH oxidation (gray).
32–48 nmol/min·mg protein. NADH oxidation was coupled to ATP syn-
thesis in inverted membrane vesicles from E. coli DK8 pA40, E. coli DK8
pRIL pA40 and E. coli DK8 pRPG54 (Fig. 3A). IMVs from cells containing
only the vector (E. coliDK8 pRIL pSE420)were not able to couple NADH
oxidation to ATP synthesis. The presence of the pRIL plasmid during
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Fig. 4. NADH-driven ATP synthesis is inhibited by protonophores. 100 μg of inverted ves-
icles of E. coliDK8 pRIL pA40were preincubated inATP synthesis buffer for 20min in pres-
ence of the ionophores indicated. ATP synthesis was started by the addition of NADH to a
final concentration of 2 mM. ATP was determined by the luciferine–luciferase-assay.
Controls contained the solvent only. Shown is the average of two measurements.
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growth led to an increase in ATP synthesis activity (Fig. 3B). A ratio of
0.3 ATP per NADH was observed.

The NADH-driven ATP synthesis was inhibited by DCCD and DES,
two known inhibitors for ATP synthases [47,48] (Fig. 3C). At the same
time DCCD inhibited NADH oxidation by 65–86% (Fig. 3D), a clear
evidence for a coupling of electron transfer and ATP synthesis.
Protonophores like SF6847 and tetrachlorosalicylanilide (TCS) nearly
abolished ATP synthesis, whereas the sodium ionophores ETH2120
and ETH157 had only a little effect (Fig. 4). ATP synthesis was indepen-
dent from the Na+ concentration, furthermore there was no protection
from DCCD inhibition observed in the presence of 10 mM NaCl.
Attempts to drive ATP synthesis by a ΔpNa or a ΔpNa in combination
with a Δψ were not successful. ATP synthesis was also observed after
oxidation of the alternative electron donors succinate and lactate.
These experiments demonstrate that the A1AO ATP synthase is able to
use the ΔeμHþ generated by NADH oxidation for ATP synthesis.
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+
-driven ATP synthesis catalyzed by vesicles of E. coli DK8 pRIL pA40. Vesicles

were preincubated in acidic buffer (20 mM succinate, 0.6 mM KCl, 2.5 mM MgCl2, 5 mM
NaH2PO4, 0.2 mM ADP, 1 μM valinomycin, pH 4.7) for 2 min at 37 °C. ATP synthesis was
started by the addition of the alkaline buffer with high K+ concentrations (200 mM
tricine/KOH, 50 mM KCl, 2.5 mM MgCl2, 5 mM NaH2PO4, 0.2 mM ADP, pH 8.8) (▲). One
set containedno valinomycin (♦). Controlswere performed either by addition of the acidic
buffer instead of alkaline buffer (Δ) or contained no ADP (●) or no vesicles (○). The final
protein concentration was 0.4 mg/ml.
3.5. ATP synthesis driven by artificial driving forces inmembrane vesicles of
E. coli DK8 pRIL pA40

Next we analyzed whether ATP synthesis could be driven by an arti-
ficialΔeμHþ , made up by a pH gradient and a potassium diffusion poten-
tial or by a ΔpH or Δψ alone. Therefore, the IMVs were preincubated in
an acidic buffer with low K+ concentration, resulting in a low pH inside.
After addition of the alkaline buffer containing high K+ concentration
and valinomycin, an artificial ΔeμHþ was established. An increase in
ATP was observed after addition of the alkaline buffer (Fig. 5), and
ATP was synthesized with activities of 19–25 mU/mg protein. Controls
without ADP, IMVs or after addition of the acidic buffer instead of the al-
kaline buffer revealed that all compounds were essential for ATP syn-
thesis. In the absence of valinomycin activities of 13–22 mU/mg
protein were obtained.

To compare ΔpH and Δψ as driving forces for ATP synthesis, either
the pH values or the K+ concentrations of the two buffers were varied
while the other conditions remained constant. With a ΔpH alone ATP
synthesis was highest at a ΔpH of 3, which is equivalent to a membrane
potential of−180mV(Fig. 6). At a pHdifference of 3.7 the ATP synthase
activity decreased again. With a Δψ alone, no ATP synthesis was ob-
served. These results demonstrate that a ΔpH alone is sufficient to
drive ATP synthesis.
3.6. The conserved glutamate E65within the c subunit of the A1AO ATP syn-
thase of M. mazei is essential for ATP synthesis

Sequence alignments of the c subunit of M. mazei to those of other
ATP synthases identified glutamate cE65 to the homologue of the
“essential carboxylate” in F1FO ATP synthases and V1VO ATPases [49].
To analyze if this residue is essential for ATP synthesis and as a proof
of principle experiment for the newly established mutagenesis system,
cE65 was exchanged to glutamine (cE65Q) via site directed mutagene-
sis. To test the ability to synthesize ATP, IMVs of cells containing the
ATP synthase variant (E. coli DK8 pRIL pA44) were prepared. Neither
NADH oxidation nor an artificial ΔeμHþ drove ATP synthesis (data not
shown). These results prove experimentally the role of cE65 in H+

translocation in A1AO ATP synthases and demonstrate that the
established mutagenesis system is suitable for the intended mutagene-
sis studies.
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Fig. 6. ΔpH-driven ATP synthesis catalyzed by inverted membrane vesicles of E. coli pRIL
pA40. The inverted membrane vesicles were preincubated in acidic buffer (20 mM succi-
nate, 200mMKCl, 2.5mMMgCl2, 5mMNaH2PO4, 0.2mMADP, 1 μMvalinomycin, pH4.7)
for 2 min at 37 °C. The reaction was started by addition of the alkaline buffer (200 mM
tricine/KOH, 200 mM KCl, 2.5 mM MgCl2, 5 mM NaH2PO4, 0.2 mM ADP, pH 4.7–9.3).
The final protein concentration was 0.4 mg/ml. Shown is the average of two
measurements.



Fig. 7. Sequence alignment of a subunits of different methanoarchael ATP synthases to the a subunit of S. cerevisiae. The conserved residues are highlighted in gray, only parts of the se-
quences were aligned.
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3.7. Two conserved arginine residues in the a subunit are crucial for ATP
synthesis

The a subunits of F1FO have one and the a subunits of V1VO ATPases
contain two conserved arginine residues that are crucial for ion translo-
cation [50–52]. Sequence alignments of archaeal a subunits to other
well characterized ATPases revealed that the first arginine residue is
also conserved in A1AO ATP synthases. In addition, the second arginine
which is conserved in subunit a from the V1VO ATPase of Saccharomyces
cerevisiae is also conserved in the a subunit of M. mazei (Fig. 7).

To address their function in A1AO ATP synthases, the conserved argi-
nine residues were deleted individually and in combination. Exchange
of the first conserved arginine either to alanine (aR563A) or to lysine
(aR563K) led to total loss of ATP synthesis activity (Fig. 8). When the
second arginine was changed to alanine (aR625A) no ATP synthesis
was observed as well. But when this arginine was changed to lysine
(aR625K) almost 50% of the ATP synthesis activity was retained com-
pared to thewild type. After the exchange of both arginines either to al-
anine (aR563A R625A) or to lysine (aR563K R625K) ATP synthesis was
no longer observed (Fig. 8).

4. Discussion

A1AO ATP synthases have so far been purified only from hyperther-
mophilic archaea and their basic biochemical properties have been de-
termined [10,11,13,14,23,53,54]. Molecular analyses on the role of
individual subunits or amino acids have never been done due to the
lack of a genetic system. The successful heterologous production of the
ATP synthase from a mesophilic archaeon in a functional state in E. coli
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Fig. 8. Role of conserved arginine residues of subunit a in ATP synthesis. ATP synthesis in IMVs o
(aR563A R625A) and pA51 (aR563K R625K)was driven either byNADHoxidation [A] or an arti
(E. coliDK8 pRIL pA40hisA,WT). Negative controls (WT) contained no ADP (−ADP), no NADH
enabled us, for the first time, to perform a functional analysis on a mo-
lecular level. The ATP synthase fromM.mazei produced in E. coliwas ac-
tive in ATP synthesis, as described before [38]. Unfortunately, the
enzyme did not restore growth of E. coli DK8 on the non-fermentable
carbon source succinate. This is most likely due to the ATP synthase ac-
tivities of 25–50 mU/mg protein that are low but in the order of what is
observed in IMVs of M. mazei (1–100 mU/mg; depending on the elec-
tron donor/acceptor used) [55–57]. However, the activities are orders
of magnitudes lower than that of the enzyme from E. coli (0.46 U/mg
protein–6 U/mg protein) [58,59]. These comparatively low activities
may be due to the differences in codon usage between archaea and bac-
teria which could result in lower ATP synthase amounts synthesized. To
circumvent this problem we added the pRIL plasmid coding for rare
tRNAs. Both the higher amounts of ATP synthase detected in the mem-
branes and the higher ATP synthase activities clearly showed an im-
provement. But nevertheless a complementation of E. coli DK8 could
not be achieved. Although subunit A carried a hexahistidine tag and al-
though it was apparently accessible to the Ni2+-NTA-matrix, the en-
zyme could not be purified by affinity chromatography since it
denatured on the column. Instability leading to the purification of only
subcomplexes was observed very often [60–70]. This denaturation/
inactivation was seen before with the enzyme directly enriched from
cells of M. mazei [71]. Attempts to improve stability by using different
detergents, buffers and purification protocols have been unsuccessful
over decades till now. The hope to circumvent the problem using a
one step purification proved delusory.

To compare the function of the variants to the wild type enzymewe
analyzed ATP synthesis either driven by NADH oxidation or by artificial
driving forces in inverted membrane vesicles of the recombinant cells.
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ficialΔeμHþ [B]. Vesicles containing thewild type ATP synthasewere used as positive control
(−NADH) or noΔeμHþ (−ΔeμHþ) respectively. Shown is the average of twomeasurements.



Fig. 9. Sequence alignment of different c subunits from F1FO and A1AO ATP synthases. The conserved Na+ binding motif (Q/E…ET/S) is highlighted.
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As proven by the controls and inhibitor studies, the observed activity
was clearly due to the produced A1AO ATP synthase. In the case of
NADH-driven ATP synthesis we saw a coupling between oxidation of
NADH and production of ATP, whichwas “lower” than in E. coli but nev-
ertheless with 1 ATP/18 H+ in the same range (data not shown). This
low coupling rate was probably due to the fact that NADH oxidation
can also be catalyzed by membranes but ATP synthesis requires intact
membrane vesicles. To analyze the ATP synthasewith regard to possible
driving forces we examined ATP synthesis driven by an artificial ΔeμHþ ,
ΔpH andΔψ, respectively. Experimentswith thewild type enzyme indi-
cated that aΔpHof 1–3 is sufficient to drive ATP synthesiswhereas aΔψ
alone was not able to induce ATP synthesis, which is in contrast to bac-
terial ATP synthases. Previous studies with the F1FO ATP synthase from
E. coli and Propionigenium modestum showed, that a Δψ alone is suffi-
cient to drive ATP synthesis and moreover an additional ΔpH or ΔpNa
can increase the ATP synthase activity but is not enough to drive ATP
synthesis solitary [17,18].

A conserved carboxylate residue (glutamate or aspartate) within the
c subunit plays a key role in the conversion of the electrochemical ener-
gy of the ion gradient to chemical energy in terms of ATP. Although not
surprising due to the high sequence conservation, we provided the first
experimental evidence that glutamate cE65 of M. mazei is essential for
ATP synthesis in A1AO ATP synthases. This is consistent with its pro-
posed function in H+ binding and transport. Comparable studies with
the ATP synthase from E. coli had shown that the conserved aspartate
cD61 is essential for proton transport and ATP synthesis and cannot be
exchanged to asparagine or glycine [72].

All the information gathered here is in accordance with H+ being a
coupling ion for the A1AO ATP synthase fromM. mazei: NADH oxidation
led to proton export but the proton gradient drives the generation of a
secondary Na+ gradient via Na+/H+ antiporter. This secondary Na+

gradient proved competent in driving ATP synthesis [73]. Here, indica-
tions for Na+ being (also) used were not obtained. This is all the more
astonishing since the Na+ binding motif (Q/E…ET/S) observed in sub-
unit c of Na+ F1FO ATP synthases is also conserved in many archaeal
ATP synthases [74], notably in M. mazei (Fig. 9). The 8 kDa c subunit of
M. mazei with its two transmembrane helices and/or subunit a may
have additional features that determine the ion specificity. For example,
the A1AO ATP synthase of Methanosarcina acetivorans, despite the con-
servation of the Na+ binding motif, translocates protons and sodium
ions simultaneously [75].

Besides the essential carboxyl residue of the c subunit the so called
stator charge within subunit a plays a central role during ion transloca-
tion through themembrane embedded rotor domain [50,51]. According
to the current models, including two half channels build up by the olig-
omeric c ring and subunit a, this stator charge is crucial for the release of
the translocated ion at the other side of the membrane [74,76–78].
Whereas this stator charge has been identified by mutagenesis studies
in several bacterial ATP synthases such as aR210 in E. coli [79], aR227
in P. modestum [80] and aR169 in Bacillus PS3 [81], less was known for
archaeal ATP synthases due to the lack of a genetic system so far. In
contrast to the bacterial a subunits with 4–5 predicted transmembrane
helices, 7 to 8 helices are predicted for the a subunits of A1AO ATP
synthases [11,21], which is more comparable to V1VO ATPases with 8
to 9 transmembrane helices predicted [82]. Sequence alignments of
subunit a of M. mazei to the V1VO ATPase from S. cerevisiae revealed
two conserved arginine residues. Whereas the first arginine aR563
turned out to be essential, exchange to either alanine or lysine led to a
total loss of activity, the second one (aR625) can be exchanged to lysine
with retention of almost 50% of the wild type activity. But as expected,
loss of the positive charge by exchange to alanine led to a total loss of
activity. This is consistent with mutagenesis studies of the a subunit of
S. cerevisiae that revealed the first arginine aR735 as stator charge to
be essential and the second one aR799 to be important for proton trans-
port and ATP hydrolysis [52].

Three main conclusions can be derived from our work. First, the
A1AO ATP synthase of M. mazei can be driven by a ΔpH whereas a Δψ
alone seems not to be sufficient as driving force. Second, the conserved
glutamate residue cE65 is essential for ATP synthesis and third, there are
two conserved arginine residueswithin the a subunit that are crucial for
ATP synthesis with aR563most likely being the stator charge. The exact
function of these two arginines remains to be analyzed by their impact
on proton transport and ATP hydrolysis. The mutagenesis system de-
scribed here opens the road for a further detailed molecular analyses
of archaeal A1AO ATP synthases.
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