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An Exceptional Variability in the Motor of Archaeal
A1A0 ATPases: From Multimeric to Monomeric Rotors
Comprising 6–13 Ion Binding Sites

Volker M üller1

The motor domain of A1A0 ATPases is composed of only two subunits, the stator subunit I and the rotor
subunitc. Recent studies on the molecular biology of the A0 domains revealed the surprising finding
that the gene encoding subunitc underwent several multiplication events leading to rotor subunits
comprising 2, 3, or even 13 hairpin domains suggesting multimeric in different stoichiometry as
well as monomeric rotors. The number of ion translocating groups per rotor ranges from 13 to 6.
Furthermore, as deduced from the gene sequences H+- as well as Na+-driven rotors are found in
archaea. Features previously thought to be distinctive for A0, F0, or V0 are all found in A0 suggesting
that the differences encountered in the three classes of ATPases today emerged already very early
in evolution. The extraordinary features and exceptional structural and functional variabilty in the
rotor of A1A0 ATPases may have arisen as an adaptation to different cellular needs and the extreme
physicochemical conditions in the early history of life.
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INTRODUCTION

ATP synthases are present in every life form and are
the most important enzymes for the energy metabolism
of the cell (Boyer, 1997). They catalyze the formation of
ATP at the expense of the transmembrane electrochemical
ion gradient (1µion) according to

ADP+ Pi + n ionsout→ ATP+ n ionsin

Bacteria, chloroplasts, and mitochondria employ the F1F0

ATPase, the best studied specimen of ATPases (Senior
et al., 1995). Most F1F0 ATPases use protons as coupling
ions but the ones from the anaerobic bacteriaPropioni-
genium modestumand Acetobacterium woodiiuse Na+

instead (Dimroth, 1997; M¨uller et al., 2001). The reaction
catalyzed by F1F0 ATPases is reversible, and the direc-
tion of the reaction is controlled thermodynamically. At
high 1µion, ATP synthesis driven by1µion is favored,
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but at low1µion ATP hydrolysis leading to the formation
of 1µion is favored. In contrast, the ATPase found in or-
ganelles of eukaryotes, the V1V0 ATPase, lost its ability to
synthesize ATP, its function is to create steep ion gradients
at the expense of ATP hydrolysis (Nelson, 1992). Archaea
contain ATPases, the A1A0 ATPases, that are structurally
similar to V1V0 ATPases but function as ATP synthases
(Müller et al., 1999).

The A1A0, F1F0, and V1V0 ATPases have the same
overall architecture comprising a membrane-bound do-
main, A0/F0/V0, that contains the motor and the ion chan-
nel, a central and a peripheral stalk, and an approximately
spherical cytoplasmic domain, A1/F1/V1, that contains the
catalytic sites (Gr¨uber et al., 2001; Nishi and Forgac,
2002; Stocket al., 2000) (Fig. 1). The ATPases arose from
a common ancestor that underwent structural and func-
tional changes leading to three distinct classes of enzymes
present in three domains of life (Hilario and Gogarten,
1998; Müller et al., 1999). Structurally, the V1V0 and
A1A0 are more closely related to each other than to F1F0

(Müller et al., 1999).
The ATPases do not only share the same overall ar-

chitecture but also the same mechanism for coupling of
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Fig. 1. Structure and function of ATPases. The subunit arrangement
is given for the bacterial F1F0 ATPase (left), the A1A0 ATPase from
Methanosarcina mazei(middle), and V1V0 ATPase fromManduca sexta
(right). The subunit topology is based on molecular, biochemical, and
structural data. Subunit K of A1A0 ATPases is synonymous with subunit
c.

ion transport to ATP hydrolysis (Pedersenet al., 2000).
ATP hydrolysis drives rotation of subunits in the central
stalk that concomittantly leads to rotation of a membrane-
embedded motor, accompanied by the energetic uphill
translocation of ions across the cytoplasmic membrane
from the inside to the outside (Sambongiet al., 1999;
Yoshida et al., 2001). Structural changes in the motor
and variations of the number of ion translocating residues
per motor unit affect the ion/ATP stoichiometry. This can
change the physiological function of the enzyme dramat-
ically as exemplified by the reversible, ATP synthesiz-
ing/hydrolyzing F1F0/A1A0 but unidirectional ATP hy-
drolyzing V1V0 ATPases (Sch¨afer et al., 1999). Recent
studies revealed an extraordinary variability of structure
and function of motors of A1A0 ATPases and it is now ev-
ident that the class of A1A0 ATPases contains very unique
but also motor components previously found only in either
F1F0 or V1V0 ATPases. This review discusses the struc-
ture and function of archaeal ATPases in relation to F1F0

and V1V0 ATPases and will focuss on the extraordinary
variability of the structure and function of the motor of the
A1A0 ATPases. The heterogeneity of the motor of A1A0

ATPases sheds new light on the evolution of structure and
function of ATPases and is discussed with respect to the
evolution of life.

THE ATPases ARE ROTATORY ENZYMES

Biochemical as well as structural data suggested a
rotary mechanism for the ATPases and this is now well
supported by several lines of evidence for F1F0 and V1V0

ATPases (Abrahamset al., 1994; Pänke et al., 2000;
Sambongiet al., 1999; Stocket al., 2000; Yoshidaet al.,
2001). In F1F0 ATPases, hydrolysis of ATP drives rotation
of the central stalk subunitγ in the cytoplasmic domain
(α3β3 hexagon). This requires a stator that is built by sub-
units b andδ. Subunitγ is connected to the membrane
domain, and thus rotation ofγ drives the motor embedded
into the membrane.

The membrane-embedded motor is made of the sta-
tor and the rotor subunits and converts electrochemical
energy into thrust by ion translocation from the medium
into the cytoplasm of bacteria. The stator is built by sub-
units a (2 copies) andb (1 copy) in F0 or by subunitsa
and I (presumably 1 copy each) in V1V0 and A1A0 AT-
Pases, respectively (cf. Fig. 1). The rotor is a ring structure
made by subunitc (also referred to as the proteolipid) that
contains the ion binding site (Dimrothet al., 1999; Fill-
ingameet al., 2000; Müller et al., 1999; Wilkens and For-
gac, 2001). The size of subunitc and thus the number of
monomers and the number of ion translocating groups per
F0 rotor ranges from 10 to 14 in different organisms. For
energetic considerations, the number of ion translocating
groups per rotor is one of the most important properties of
the enzyme. It determines the ion/ATP stoichiometry, and
a change to this value can change the function of the en-
zyme dramatically from unidirectional ATP hydrolysis to
bidirectional ATP hydrolysis/ATP synthesis. The proton
is used by most ATPases as the coupling ion, and the H+

binding residue is located in helix two of subunitc. This
residue may be an aspartate or a glutamate and, therefore,
this residue is often referred to as the “active carboxylate”
(Deckers-Hebestreit and Altendorf, 1996).

How does the motor function, i.e., convert electro-
chemical energy into torque generation? A major advance
of our understanding of rotor function comes from exper-
iments done with the Na+ F1F0 ATPase fromP. modestum
(Dimroth et al., 1998, 2000; Kaimet al., 1998) that are
summarized in the following and illustrated in Fig. 2. The
ring of c subunits is embedded into the cytoplasmic mem-
brane. The ion binding sites are freely accessible from the
cytoplasm but access from the periplasm is restricted and
only possible by a not well-defined channel which leads
to a negative charge on the rotor. In the close vicinity of
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Fig. 2. The motor of F1F0 ATPases. The rotor is made from proteolipid
oligomers, and the stator function is provided by subunita. The ion
binding sites on the rotor are indicated by the light gray dots. The positive
charge on subunita is the well-conserved arginine (Arg-210 inE. coli).
For further explanations, see the text.

the negative charge of the rotor subunits is the highly con-
served positive charge of the stator (Arg-210) of subunit
a. This residue is close to the ion channel and connected
to it by a hydrophilic sleeve. Arg-210 of subunita and a
negative charge of the rotor (the active carboxylate) form
a salt bridge, thereby fixing the rotor to that position. To
the left of the hydrophilic stretch is a hydrophobic zone
that prevents rotation of thec ring with nonoccupied ion
binding sites to the left. In the absence of a membrane po-
tential, the rotor idles against the stator with no preference
for direction of rotation; under these conditions, exchange
of 22Na+in/22Na+out occurs. Upon generation of a membrane
potential, the rotor is forced to rotate into one direction.
The membrane potential, therefore, is an essential com-
ponent for ATP synthesis, and cannot be substituted by a
chemical ion gradient. The ion enters the channel at its
periplasmic entrance and traps a negative charge of one
c monomer. This allows the ion to enter the hydropho-
bic zone and prevents it from going backwards. Thereby,
thec oligomer rotates to the left. The rotor will now do-
nate the ion to the cytoplasm due to the lower chemical
activity of the ion inside. Charge regeneration on the ro-
tor also prevents the rotor from going backwards. In the
reverse reaction, ATP hydrolysis drives ion extrusion by
the same mechanism. This model is supported by several
lines of experiments and discussed in detail by Dimroth
et al.(2000). However, it should be mentioned in this con-
nection that a second model is discussed which assumes
two half channels giving access of the rotor to the cyto-
plasmic and periplasmic side, respectively (Jungeet al.,
1997).

STRUCTURE OF THE ROTOR OF F 1F0

AND V1V0 ATPase

Subunitc in its simplest form has two transmem-
brane helices connected by a polar, cytoplasmic loop; this
structure is often referred to as the hairpin or the 8-kDa
proteolipid. The ion binding site is located in helix two
(Fig. 3). Structural data show thec polypeptides of F1F0

ATPases arranged in a ring with a stoichiometry of 10,
11, and 14 in yeast (Stocket al., 1999),Ilyobacter tar-
taricus (Stahlberget al., 2001; Voncket al., 2002), and
chloroplasts (Seelertet al., 2000), respectively (Fig. 3).
Because biological function was not proven, it is not clear
whether the different stoichiometries are the result of pu-
rification artifacts or indeed represent the in vivo structure.
The structure of this ring is unknown but it is assumed that
the subunitc monomers are arranged in a front-to-back
type giving two concentric rings. It is still a matter of de-
bate whether helix one or two makes the outer ring of the
oligomer (Fillingameet al., 2000; Groth and Walker, 1997;
Joneset al., 1998; Schnicket al., 2000). However, since
every subunitc contains one ion binding site, the rotor has
10, 11, and 14 ion binding sites in yeast,I. tartaricus, and
chloroplasts, respectively, and the ion/ATP stoichiometry
is 3.3, 3.6, and 4.6. Apparently, ion/ATP stoichiometries
of 3.3–4.6 are sufficient for ATP synthesis and, of course,
allow ion pumping coupled to ATP hydrolysis which is
consistent with the finding that F1F0 ATPases are fully
reversible.

The rotor of the V0 domain is composed of one to
three different proteolipids (Hirataet al., 1997; Nishi and
Forgac, 2002; Stevens and Forgac, 1997). However, the
proteolipids of V1V0 ATPases have in common that they
arose by duplication of an ancestral gene encoding one
hairpin followed by fusion of the genes (Mandelet al.,
1988). Therefore, the proteolipid of V1V0 ATPases con-
tains two hairpins and has a molecular mass of around
16 kDa. Most important, the ion binding residue was not
conserved in hairpin one but only in hairpin two. It is gen-
erally believed that the motor of the V1V0 ATPases has
six copies of the 16-kDa proteolipid, however, the rotor
of the V1V0 ATPase ofEnterococcus hiraewas recently
shown to contain seven monomers (Murataet al., 2003).
This gives six to seven ion-translocating groups per rotor
in the V1V0 ATPase (Fig. 3) resulting in an H+/ATP sto-
ichiometry of only 2–2.3 which is too low to allow ATP
synthesis at physiological electrochemical ion potentials.
Therefore, V1V0 ATPases are incapable of synthesizing
ATP. On the other hand, the reduction of the number of
active carboxylates on the rotor makes the enzyme a better
ion pump, a function required by the physiology of the eu-
karyotic cell. It should be noted that rotors with only half
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Fig. 3. Diversity of proteolipids and rotors in F1F0 and V1V0 ATPases. Panel A depicts the primary
sequence (hairpin structure) of the proteolipids, the active carboxylate is indicated. Panel B depicts
a top view on to the rotor. For the sake of simplicity, the F1F0 ATPase is shown to have 12 different
monomers each with one hairpin arranged in a ring, the V1V0 ATPase is shown to have six different
monomers each having two hairpins arranged in a ring, and the rotor of the F1F0 ATPase ofA. woodii
is a multimer containing 8- and 16-kDa proteolipids (the exact subunit stoichiometry is not known).
The arrows denote the active carboxylates, i.e., the ion binding sites.

the number of ion translocating residues were considered
for a long time as a unique feature of V1V0 ATPases but
they are now also found in the Na+ F1F0 ATPase from the
bacteriumA. woodiiand, as we shall see later, also A1A0

ATPases.
The Na+ F1F0 ATPase operon fromA. woodiiis the

first known to contain a mixture of “bacterial” 8-kDa and
“eukaryal” 16-kDa polypeptides, the latter with only one
active carboxylate in two hairpin domains (Aufurthet al.,
2000; Müller et al., 2001; Rahlfset al., 1999). However,
the stoichiometry of the different polypeptides in the rotor
has not yet been determined. A minimum of one subunit
c1 per rotor would give 11 ion binding sites per rotor, as in
the case ofI. tartaricus. The higher the number of subunit
c1 the lower will be the ion/ATP stoichiometry which will
eventually lead to an enzyme incapable of ATP synthesis.
This could be used as an alternative mechanism for the
regulation of the ATPase.

CELLULAR FUNCTIONS OF THE A 1A0 ATPases

Archaearepresent the third domain in the universal
tree of life beside theBacteriaandEukarya(Woeseet al.,
1990). To date, we can distinguish three physiological
groups of archaea: the hyperthermophiles, the halophiles,
and the methanogens. The physiological differences of

these groups have to be considered while attempting to de-
pict a universal model for the cellular function of archaeal
ATPases. The methanogenic archaea (methanogens) are
strictly chemiosmotic, which means that an ATP synthase
is essential (Deppenmeieret al., 1996; Mülleret al., 1993).
The halophiles can perform respiration/photosynthesis but
also fermentation; here we would expect an enzyme able to
work in both directions, i.e., synthesis as well as hydroly-
sis (Bickel-Sandk¨otteret al., 1996). Among the hyperther-
mophiles a number of strictly fermenting organisms are
known, and, therefore, there is no need for the enzyme to
synthesize ATP, hydrolysis would be sufficient to satisfy
the cellular needs (Adams, 1994; Danson, 1993). How-
ever, recent data showed an additional ATP synthesis by
ion gradient-driven phosphorylation in pyrococci (Sapra
et al., 2003). These considerations indicate that the rotor
of A1A0 ATPases from different physiological groups dif-
fers considerably with respect to subunit composition and
the number of ion translocating residues.

STRUCTURE AND FUNCTION OF THE
PARADIGM, THE A 1A0 ATPase FROM
METHANOGENS

The ATPases from methanogens are reversible en-
zymes and their physiological function is to synthesize
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ATP. They are hitherto the best investigated specimen of
this unique class of ATPases. The A1A0 ATPase has at
least nine subunits (A3:B3:C:D:E:F:H:I:Kx), but the ac-
tual subunit stoichiometry and the cellular localization of
most subunits is unknown (cf. Fig. 1) (M¨uller et al., 1999;
Müller and Grüber, 2003). The A1 complex of archaeal
ATPases possesses a pseudo-hexagonal arrangement of
six peripheral globular masses, reflecting the major sub-
units A and B, as proposed from two dimensional images
of the thermoacidophilic archaeaSulfolobus acidocaldar-
iusandMethanosarcina mazeiGö1 (Lübbenet al., 1988;
Wilms et al., 1996). An A1 subcomplex heterologously
produced inE. coli made up of the five different subunits
A, B, C, D, and F is asymmetric, with a headpiece that is
approximately 94̊A long and 92Å wide and a stalk with a
length of approximately 84 and 60̊A in diameter (Gr¨uber
et al., 2001; Lemkeret al., 2003). Subunits C and F are
exposed in the complex, whereas subunit D is well pro-
tected from trypsin degradation (Gr¨uberet al., 2001). The
shielding of subunit D from trypsin is an important find-
ing since this subunit has been proposed as the structural
and functional homolog of theγ subunit of F1F0 ATPases
(Coskunet al., 2002; Grüberet al., 2001; Müller et al.,
1999).

The A0 domain contains only two membrane-
intrinsic subunits, I and K (cf. Fig. 1). The molecular mass
of subunit I ranges from 72 to 76 kDa (M¨ulleret al., 1999);
it is very similar to subunita of V1V0 ATPases with a
hydrophilic N-terminal and a hydrophobic C-terminal do-
main of apparent molecular masses of∼39 and∼33 kDa,
respectively, inM. mazeiGö1. The hydrophilic domain
is predicted to be highlyα helical and assumed to be the
functional homolog of the soluble domain of subunitb
of F1F0 ATPases. The hydrophobic C terminus of sub-
unit I is predicted to have seven transmembrane helices
and is assumed to be functionally similar to subunita of
V1V0/F1F0 ATPases; however, similarity on amino acid
sequence level is below 20%. The arginine essential for
ion translocation (aArg-735 in S. cerevisiae(Kawasaki-
Nishi et al., 2001)) is conserved in subunit I (equivalent to
Arg-557 ofM. mazeiGö1); this residue is most likely the
essential positive charge on the stator in A0. The second
subunit of the A0 domain is subunit K, which builds the
rotor. Subunit K (synonymous with subunitc) or the pro-
teolipid of A1A0 ATPases has an extraordinary variability
that is discussed in detail in the following section.

STRUCTURE OF THE PROTEOLIPIDS
FROM ARCHAEA

The proteolipids from methanoarchaea are very simi-
lar to each other (≈50%), to those from other archaea (30–

52% identity) and to proteolipids of V1V0 ATPases from
bacteria or eukarya, the degree of identities range from
26.7 to 33%. A leader sequence is present inHalobac-
terium salinarium(Iharaet al., 1997) andS. acidocaldar-
ius (Lübben and Sch¨afer, 1989). Proteolipids have been
purified and characterized from some archaea and in al-
most every case they were shown to be ofMr ≈ 8000 with
two transmembrane helices (Iharaet al., 1997; Inatomi
et al., 1989; Steinertet al., 1997; Wilmset al., 1996). Fur-
thermore, with the exceptions mentioned below genome
sequences predict 8-kDa proteolipids in archaea. This size
corresponds to the size of the proteolipid from F1F0 AT-
Pases and was hitherto assumed to be the reason for the
F1F0-like properties of the A1A0 ATPases, i.e., their func-
tion as ATP synthases. However,Methanothermobacter
thermautotrophicusandMethanocaldococcus jannaschii
(formerlyMethanococcus jannaschii) have duplicated and
triplicated proteolipids with two and three hairpin do-
mains, respectively. Apparently, the proteolipids fromM.
thermautotrophicusandM. jannaschiiarose by gene du-
plication and triplication, respectively, with subsequent
fusion of the genes (Ruppertet al., 1998, 1999). In case of
M. thermautotrophicus, the ion binding site is conserved in
helix two and four, but inM. jannaschiiit is only conserved
in helix four and six, in helix two it is substituted by a glu-
tamine residue. The genome sequence ofMethanopyrus
kandlerirevealed another extraordinary feature: the A1A0

ATPase genes are located in one cluster, but the gene en-
coding the proteolipid is 13 times the size of the gene
encoding an 8-kDa proteolipid. The sequence predicts a
proteolipid of 97.5 kDa comprising 13 covalently linked
hairpin domains (Slesarevet al., 2002). These domains
have a highly conserved sequence (55.9–86.3%), and the
ion binding site is conserved in helix two of every hair-
pin domain. However, posttranscriptional and posttrans-
lational modifications cannot be excluded and, therefore,
the extraordinary size of the proteolipid has to be verified
by other means.

The pyrococci Pyrococcus furiosus, Pyrococcus
horikoshii, and Pyrococcus abyssiare anaerobic ar-
chaea that have a fermentative metabolism. Interestingly,
their proteolipid genes arose by duplication and subse-
quent fusion of a precursor gene coding for one hairpin
(Kawarabayasiet al., 1998; Robbet al., 2001). The du-
plicated proteolipid with two covalently linked hairpins
has an ion binding site in hairpin two but not in one.
Therefore, the proteolipid of the A1A0 ATPases from
pyrococci is identical to the 16-kDa proteolipid of eu-
karyal V1V0 ATPases. This finding gives further evi-
dence that 16-kDa proteolipids with only one ion bind-
ing site in two hairpins are not an exclusive feature of
eukarya.
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A SODIUM ION BINDING MOTIF
IN A 1A0 ATPases

The F1F0 ATPases of the bacteriaP. modestum
and A. woodii and the A1A0/V1V0 ATPases ofE. hi-
rae and Calaromator fervidususe Na+ as coupling ion
(Kakinuma and Igarashi, 1995; Laubinger and Dimroth,
1988; Reidlinger and M¨uller, 1994; Speelmanset al.,
1994), and an Na+ binding site has been defined in the
proteolipid (Kaim and Dimroth, 1995; Rahlfs and M¨uller,
1997; Zhang and Fillingame, 1995). Three residues (Gln
in helix one, Glu and Ser or Thr in helix two) were shown
experimentally to be involved in Na+ binding, and a fourth
residue (Pro in helix one) is suggested by sequence com-
parisons (Fig. 4(A)). In the proteolipid of the Na+ V1V0

ATPase fromE. hirae, the Gln, Glu, and Ser residues of
the motif are conserved, but Pro is substituted by a Ser
(Kakinumaet al., 1993). However, the free electron pair
of the hydroxyl group of serine could also serve for com-
plexation of Na+. Therefore, the Na+ binding motif of
the proteolipid from F1F0 ATPases and V1V0 ATPases is
suggested to contain four residues in the order: P/SXXXQ
(motif I, helix one)—ET/S (motif II, helix two).

So far, the ion specificity of A1A0 ATPases is not set-
tled, and this question was only addressed in methanogenic
archaea. The strictly anaerobic methanogenic archaea are
unique among organisms because they couple the path-

Fig. 4. The Na+-binding site in subunit c of ATPases. Panel A depicts
the proposed Na+-binding site of subunitc of F1F0 ATPases, and Panel
B depicts the proposed generalized Na+-binding site in subunitc of
F1F0, V1V0, and A1A0 ATPases. Motif I is located in helix one, motif
II in helix two.

way of energy conservation with the primary extrusion
of both Na+ and H+ (Deppenmeieret al., 1996; Sch¨afer
et al., 1999). Claims have been made for H+- as well
as Na+-driven ATP synthesis inM. mazeiGö1 andM.
thermautotrophicusand inhibitor studies suggested the
presence of H+ coupled A1A0 and Na+ coupled F1F0

ATPases (Becher and M¨uller, 1994; Smiganet al., 1992,
1994, 1995). In contrast, genome studies clearly excluded
the presence of F1F0 ATPase genes inM. mazeiGö1
(Deppenmeieret al., 2002) andM. thermautotrophicus
(Smithet al., 1997) but revealed the A1A0 ATPase genes.
Therefore, the question how the Na+ gradient is con-
verted to ATP synthesis is still open. Nevertheless, two
related species,Methanosarcina barkeri(Accession No.
NC 002724), andMethanosarcina acetivorans(Galagan
et al., 2002) indeed have both A1A0 and F1F0 AT-
Pase clusters in their genomes, but an expression of the
F1F0 ATPase genes ofM. barkeri or the production of
a functional F1F0 ATPase could not be demonstrated
(Lemker and M¨uller, unpublished). Future studies us-
ing the genetically tractableM. acetivoransshould shed
light on the enigma of the F1F0 ATPase genes in some
methanogens.

However, in silico analyses revealed the Na+ binding
motif in the proteolipid of some A1A0 ATPases and sug-
gest that these enzymes use Na+ as coupling ion. Motifs I
and II are present in both hairpins ofM. thermautotroph-
icus, in every hairpin ofM. kandleri, but only in hairpins
two and three ofM. jannaschii. In the latter, the glutamine
of helix one is changed to valine, and the glutamate of helix
two is changed to glutamine. Although a glutamine could
ligand a sodium ion, a valine could not, and therefore, this
hairpin is unlikely to bind Na+. In addition, the glutamate
to glutamine change in helix two excludes H+ transloca-
tion. In the 8-kDa proteolipids ofM. mazei, M. barkeri,
andM. acetivoransthe glutamine of helix one is changed
to glutamate, but this is considered a conservative change
since glutamate is able to bind Na+as well. Interestingly,
the F-type proteolipids ofM. barkeriandM. acetivorans
also have an Na+ binding motif. In both, the glutamine of
motif I is also substituted by glutamate. The 16-kDa prote-
olipid of pyrococci have the Na+ binding motif in hairpin
two but not one. In the latter, the third residue is a valine
and the fourth residue is a methionine. This configuration
is able to transport neither Na+ nor H+.

Three of the Na+ liganding residues are also con-
served inThermoplasma volcaniiandThermoplasma aci-
dophilum. The first residue was changed to threonine,
but this is a conservative change without effect on Na+

transport.
Taken together, it is proposed that the Na+ binding

motif of subunitc of A1A0, F1F0, and V1V0 ATPases is
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P/S/TXXXQ/E (motif I) and ET/S (motif II) (Fig. 4(B)).
These in silico analyses suggest that the putative F1F0

ATPases ofM. barkeriandM. acetivoransand the A1A0

ATPases of methanogenic archaea, pyrococci,T. volcanii,
and T. acidophilummost likely use Na+ as coupling
ion. This assumption is, at least for methanogens, sup-
ported by their physiology and bioenergetics (Sch¨afer
et al., 1999). However, the biochemical verification of
this hypothesis will be a challenging task for future exper-
iments which has to await the purification on intact A1A0

ATPases.
A sodium ion binding motif is apparently absent in

the A1A0 ATPases fromSulfolobus acidocaldarius, Sul-
folobus solfataricus, Archaeoglobus fulgidus, Halobac-
teriumNRC-1, andHalobacterium salinarium. This is in
line with the fact that Na+ has not been reported to be
involved in the physiology or bioenergetics ofSulfolobus
andArchaeoglobus.

STRUCTURE AND FUNCTION
OF THE A 0 DOMAIN

The rotor stoichiometry has not been solved for any
A1A0 ATPase but two important conclusions regarding the
structure of the rotor and the function of the enzyme can
already be drawn.

For structural considerations, it is assumed for the
sake of simplicity that the rotor contains 12 hairpins. This
would accommodate 12 copies of the 8-kDa proteolipids
from most archaea, six of the one fromM. thermautotroph-
icusand pyrococci, and four ofM. jannaschii. These rotors
are multimeric but the number of subunits decreases in this
order. A comparison to the optimal and maximal growth
temperatures reveals a striking correlation of the number
of rotor subunits to the optimal and maximal growth tem-
peratures (Fig. 5). The higher the growth temperature of
the organisms the lower is the number of subunits per ro-
tor. The extreme is encountered in the monomeric rotor of
M. kandlerithat thrives at 110◦C. It should be remembered
that the proteolipids are embedded into the membrane and
shielded from heat protective mechanisms present in the
cytoplasm. Therefore, the proteolipids “sense” the heat
directly and it is easily conceivable that the increase of
covalently linked rotor subunits increases the stability and
function of the rotor in the cytoplasmic membrane at high
temperatures.

For the function of the enzymes, the number of ion-
translocating residues per rotor unit are important. The
capability to synthesize ATP is directly dependent on the
number of ions translocated per ATP synthesized. Accord-
ing to 1GP = −n · F · 1p, a phosphorylation poten-

tial (1GP) of ∼50 to 70 kJ/mol is sustained by the use
of n = 3–4 ions/ATP at a physiological electrochemical
ion potential of−180 mV (1p). Assuming a rotor with
12 ion translocating groups and a catalytic domain with
threeαβ/AB pairs and thus three ATP binding sites, this
gives exact the number of four ions required thermody-
namically for ATP synthesis. This is apparently realized
in most archaeal ATPases found to date. However, a spe-
cial case is the rotor ofM. jannaschiithat has only eight
ion binding sites (assuming 12 hairpin domains per rotor).
Apparently, 2.6 carboxyl groups per catalytic center are
already sufficient for ATP synthesis (Ruppertet al., 1999).

A rotor with only six to seven ion binding sites as en-
countered in V1V0 ATPases (Fig. 6) gives a stoichiometry
of only 2–2.3 ions/ATP which is too low to allow ATP syn-
thesis at a1GP of∼50 to 70 kJ/mol and a1pof−180 mV.
On the other hand, the reduced H+/ATP stoichiometry
makes the enzyme a better proton pump, because the same
1GP can account for a much higher1p. A special case is
the rotor of the pyrococcal A1A0 ATPases. The pyrococcal
proteolipid is duplicated with only one ion binding site.
Assuming six to seven monomers per rotor as in V1V0 AT-
Pases, the enzyme has to be considered as an ATP-driven
ion pump. However, recently it was shown that pyrococci
produce ATP by ion gradient-driven phosphorylation in
addition to substrate level phosphorylation (Sapraet al.,

Fig. 5. The number of covalently linked hairpins in rotors of
methanogenic archaea increases with increasing growth temperature.
M. mazeiis shown to have a rotor comprising 12 monomers,M. ther-
mautotrophicus6, M. jannaschii4, andM. kandleri 1. Optimal (Topt)
and maximal (Tmax) growth temperatures are indicated.
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Fig. 6. Diversity of rotors in archaea. The number and size of monomers as well as the number of
ion-binding sites per rotor are indicated. TheM. mazei-like rotor is also present in other archaea (M.
acetivorans, M. barkerifusaro,T. acidophilum, T. volcanii, A. fulgidus, Pyrobaculum aerophilum,
S. acidocaldarius, S. solfataricus, HalobacteriumNRC-1, andH. salinarium). Because the exact
stoichiometry of the proteolipids is unknown, 12 hairpin domains are assumed for every rotor.
This would give the indicated H+/Na+ stoichiometry. The rotor shown for pyrococci supports
ATP synthesis, but whether it also supports ATP synthesis is speculative. For further explanations,
see the text.

2003). ATP synthesis could be achieved by a rotor that
contains eight proteolipid monomers, giving an H+/ATP
stoichiometry of 2.6 which is apparently sufficient inM.
jannaschiifor ATP synthesis. On the other hand, an in-
creased1µion could also account for ATP synthesis in a
rotor with only six to seven ion binding sites. The elucida-
tion of the structure and function of the pyrococcal A1A0

ATPase is a challenging task for future studies.
Methanogenic archaea are energy limited organisms,

the conversion of H2 + CO2 to CH4 is accompanied by
a free energy change of−130 kJ/mol that allows, under
standard conditions, only for the synthesis of two mol ATP.
However, in their natural habitat the hydrogen partial pres-
sure is much lower and only a fraction of an ATP can be
synthesized (Sch¨aferet al., 1999). One way to increase the
phosphorylation potential at a given1µion is to increase
the number of ions translocated, i.e., the ion/ATP stoi-
chiometry. This could have been realized inM. kandleri
that has 13 ion-translocating residues giving an ion/ATP
stoichiometry of 4.3 (Fig. 6). An increase from 4 to 4.3
at a1µion of−180 mV will increase the phosphorylation
potential already by 7%. In this context, it would be inter-
esting to determine the subunit composition in multimeric
rotors from methanogenic archaea.

EVOLUTION OF ATPases

Archaea are assumed to be early life forms that de-
veloped in the extreme environments encountered in early
history, such as high temperatures, the presence of gaseous
compounds that they learned to use as carbon and energy
sources, high salt concentrations, low pH, and combina-

tions thereof. The invention of chemiosmosis required the
invention of ATP synthases, rotary enzymes able to op-
erate without leakage at temperatures as high as 110˚C.
High temperatures might have favored the evolution of
monomeric rotors. Decreasing temperatures eliminated
the need for monomeric rotors and led to the genera-
tion of multimeric rotors with the number of monomers
per ring decreasing with decreasing temperatures. Mul-
timeric rotors have the advantage that the coupling effi-
ciency and thus the physiological function of the ATPases
can be changed by changing the number of (different) pro-
teolipids in the rotor. That such a layer of regulation of AT-
Pases exists is supported by some experiments (Schemidt
et al., 1998). However, its elucidation is still a challenging
task for future studies.

There was always the hypothesis that the diversion
of the A1A0 and V1V0 ATPases took place by a duplica-
tion of the proteolipids accompanied by a loss of one ion
binding site (Nelson and Taiz, 1989). However, duplicated
proteolipids with only one ion binding site are also found
in ATPases of archaea, the pyrococci. It should be men-
tioned in this context that it was speculated that the switch
from a A1A0 to a V1V0 ATPase occurred after an archaeon
had picked up a bacterial symbiont on the way to becom-
ing an eukaryote (Cross and Taiz, 1990). However, in the
light of the finding of V1V0-like proteolipids inPyrococ-
cus, this switch must have occurred earlier and could have
been driven by a loss of the ability of ion gradient-driven
phosphorylation.Pyrococcusor its ancestors might be de-
scendents of the archaeal host that gave rise to eukaryotes.

The bacteriaThermus thermophilusandE. hiraecon-
tain ATPases that are always referred to in the literature as
V1V0 ATPases. However, phylogenetic analyses clearly



P1: IZO

Journal of Bioenergetics and Biomembranes (JOBB) pp1123-jobb-478875 February 26, 2004 21:38 Style file version June 22, 2002

An Exceptional Variability in the Motor of Archaeal A 1A0 ATPases 123

Fig. 7. Evolution of structure and function of ATPases. The different proteolipids encountered in the ATPases were already invented before the
separation of the ATPases and are conserved in the domain archaea. Please note that only the active carboxylate is indicated, but not the Na+ binding
sites. For explanations, see the text. (1) bacteria (includingA. woodii), mitochondria, chloroplasts. (2)A. woodii. (3) eukarya. (4)M. mazei, M.
acetivorans, M. barkeri fusaro,T. acidophilum, T. volcanii, A. fulgidus, P. aerophilum, S. acidocaldarius, S. solfataricus, HalobacteriumNRC-1,
H. salinarium, and the bacteriumT. thermophilus. (5) M. thermoautotrophicus. (6) M. jannaschii. (7) M. kandleri. (8) P. abyssi, P. furiosus, P.
horikoshii, and bacteriumE. hirac.

demonstrate that they are of archaeal origin translocated
by horizontal gene transfer (Olendzenskiet al., 1998) and
therefore, they should be considered as A1A0 ATPases.
The same could be true for other so-called V-type AT-
Pases of bacteria. Horizontal gene transfer turns out to
have been very massive in the early history of life and has
also crossed kingdom barriers, as deduced from genome
analyses.

It is apparent that the rotors seen today in the three
classes of ATPases were already invented in early evolu-
tion in archaea. Life at high temperatures with energy-
limited substrates may have driven the formation of
monomeric rotors, chemiosmosis rotors allowing ATP
synthesis, and a fermentative metabolism may have driven
the formation of rotors with only six ion binding sites. Out
of this pool of combinations the modern-day V1V0 and

F1F0 ATPases recruited their rotors. Therefore, the ma-
jor changes in the evolution of ATPases did not occur in
the motor domains but rather in the hydrophilic domains
including subunit composition, primary sequences, regu-
latory events, and assembly factors (Fig. 7).

CONCLUSIONS

In summary, the rotors of A1A0 ATPases may be
monomeric or multimeric, but with different subunit sto-
ichiometry. They have an extraordinary variability with
respect to the number of ion binding sites that can be 13,
12, 8, or 6, an extraordinary finding. The different mo-
tor domains seen today in A1A0, F1F0, and V1V0 were
already present in early history of evolution of ATPases
before the A1A0, F1F0, and V1V0 ATPases developed from
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a universal gene pool. F1F0 and V1V0 ATPases developed
only one major kind of motor as an adaptation to either
chemiosmotic energy generation or membrane energiza-
tion by ATP hydrolysis. Archaea are early life forms that
have a fascinating and diverse metabolism which is either
chemiosmotic or fermentative. Therefore, they developed
the different motors as an adaptation to their cellular en-
ergy metabolism needs and maintained them during evo-
lution. The motors of archaeal A1A0 ATPases can be seen
as reminiscents of early evolution; they clearly deserve
more attention.
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