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Abstract. A-, F- and V-adenosine 5’-triphosphatases
(ATPases) consist of a mosaic of globular structural units
which serve as functional units. These ion-translocating
ATPases are thought to use a common mechanism to cou-
ple energy of ATP hydrolysis to ion transport and thus
create an electrochemical ion gradient across the mem-
brane. In vitro, all of these large protein complexes are
able to use an ion gradient and the associated membrane
potential to synthesize ATP. A-/F-/V-type ATPases are

composed of two distinct segments: a catalytic sector,
A,/F,/V,, whose three-dimensional structural relation-
ship will be reviewed, and the membrane-embedded sec-
tor, Ao/Fo/Vo, which functions in ion conduction. Recent
studies on the molecular biology of the Ay,/Fy/V, do-
mains revealed surprising findings about duplicated and
triplicated versions of the proteolipid subunit and shed
new light on the evolution of these ion pumps.
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Introduction

The ultimate goal of energy metabolism in living cells is
the production of adenosine 5'-triphosphate (ATP) from
ADP and inorganic phosphate. The majority of ATP in
eukaryotes, most bacteria and the archaea is synthesized
by the enzymes F,F,-ATP synthase (F-ATPase) and
A Ao-ATP synthase (A-ATPase). The F-ATPase in its
simplest, bacterial form is composed of 8 subunits (a;:
Bsiy:d:€eratb,icy ) compared with the more complex
bovine heart mitochondrial F-ATPase, which consists of
16 subunits (a5:fB;:y:6:€:a:byice odie:figrAGL: Fy:
1:OSCP) (fig. 1) [1, 2]. The A-ATPase has at least 9 sub-
units (A;:B;:C:D:E:F:H:1:K,), but the actual subunit
stoichiometry is unknown. In particular, the number of
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proteolipid subunits in A;A,-ATPases is different in var-
ious organisms (12, 6 or 4) and a function of the number
of the transmembrane helices in a given monomer (fig. 1,
[3]). A 10" subunit (G) may be present. The F- and the A-
ATPases transform energy from a gradient of ions across
the membrane to synthesize ATP [4] and can reversibly
link the equilibrium of ATP hydrolysis, catalyzed in the
F,/A, domain, to the flux of cations (H" or Na*) through
the membrane domain (F,/A) [3] as in the genetically
related vacuolar-type, V,V,-ATPases (V-ATPases). The
V-ATPases, consisting of at least 13 distinct subunits
(Ay:B;:C:D:E:F:Gy:H,:a:d:c:c’:¢”) (fig. 1), are re-
quired for a range of cellular processes including recep-
tor-mediated endocytosis, renal acidification, bone reab-
sorption, neurotransmitter accumulation and activation of
acid hydrolases [5]. The V-ATPase exhibits catalytic co-
operativity similar to A- and F-type ATPase in ATP hy-
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Figure 1. Model of the subunit arrangement in the bovine F,F-ATPase (/eff), V,V-ATPase from Manduca sexta (middle) and A | A,-AT-
Pase from Methanosarcina mazei G61 (right). F,/V,/A,- and Fo/V/A,-subunits are labelled in dark and light gray, respectively. The dots
indicate sugar residues. The subunit topology is based on molecular, biochemical and structural data [1, 3, 32, 78, 84, 85, 87]. Minor sub-
units (e, f, g, AL, 1) of the F, domain are not shown. The stoichiometry of the proteolipid subunits in A;A,-ATPase refers to the situation
encountered in Methanothermobacter thermautotrophicus (16-kDa proteolipids).

drolysis [6—8]. However, in vivo, the enzyme is not in-
volved in ATP synthesis but in vitro experiments have re-
cently shown that it can also catalyze ATP synthesis [9].
Morphologically, the A-, F- and V-ATPases have three
components (fig. 1): a membrane-bound domain, A,/Fo/
V,, that contains the ion channel, a connecting central
stalk and an approximately spherical cytoplasmic do-
main, A,/F,/V,, that contains the catalytic sites [1, 10,
11]. Side-view projections of the F,F,- [12, 13] and
V,Vo-ATPases [14, 15] showed a second stalk (stator) as
a fourth distinct feature extending from the F, or V, por-
tion. In the case of the Escherichia coli F\F, complex the
central stalk is composed of y,. and &, which is the
equivalent of §,, in mitochondrial F,F, and the stator is
formed by the §,, and b subunits (table 1) [16]. The bac-
terial & subunit (,,) bears homology to one of the mito-
chondrial F, subunits, called OSCP. The mitochondrial
F, £ subunit (¢,) has no counterpart in the bacterial F,F
enzyme. The central element of the F, complex, subunit
v, has been shown to move relative to the a;f; complex
during ATP hydrolysis. This rearrangement is propos-
ed to drive the motion of a ring of ¢,_,, subunits in the F,
domain, each containing two transmembrane helices
[17].

The ATPases arose from a common ancestor which un-
derwent structural and functional changes leading to
three distinct classes of enzymes present in three domains
of life [3, 18]. The major subunits of A-type ATPases
share about 50% sequence identity with V-type ATPases
and about 25% sequence identity with F-type ATPases.
The minor subunit composition is different, and those of
V- and A-type ATPases are, in some cases, somewhat sim-
ilar, but there is no obvious sequence similarity between
the minor subunits of A/V-type and F-type ATPases,
which probably reflects different functions, regulatory

Table 1. Listing of similar ATPase gene products in the three types
of ATPases.

Methanoarchaea A A M. sexta V|V, Bovine F F,
A A B

B B a

C C -

_ D _

D E 14

E - 6

F F £

_ G _

_ H _

G _ _

H _ _

1 a a+b?
_ b _

K c c
(duplication I -
triplication) c”’ -

_ d _

- - d

— _ F,

- - OSCPp

A,/V,/F, subunits (below) are separated from the A/V/F,, subunits
by a dashed line.

patterns and assembly strategies [3]. This review will
summarize current knowledge of the structure and func-
tion of the ATP synthases/ATPases from the three do-
mains of life, point out functional differences and discuss
their possible structural basis. Finally, the evolution of
structure and function of ATP synthases/ATPases will be
discussed.
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Function and structure of F,F,-ATPases

The binding change mechanism of F, and the ATP
synthase

Both F, ATPase and ATP synthase display negative coop-
eration in binding nucleotides, but positive cooperativity
in catalysis. Boyer and colleagues [19] have shown that in
the case of ATP synthase, the release of ATP (the product)
is greatly enhanced by the binding of ADP + P, to an ad-
jacent catalytic site, located at the interfaces between the
a and B subunits [20], with the large majority of protein-
to-nucleotide ligands provided by the S subunits. Simi-
larly, the release of ADP + P, is promoted by ATP binding
to an adjacent catalytic site in F, ATPase. To account for
these observations, it has been proposed that the three
catalytic sites alternate sequentially between the three
different states, open, loose and tight, with different
affinities for nucleotides. During ATP synthesis, energy
from the ion translocation is used to convert a tight site
into an open site, with the release of ATP. Simultaneously,
the loose site, with bound ADP + Pi, is converted into a
tight site, leading to ATP synthesis, while the open site,
which has low affinity for nucleotides, is converted into a
loose site ready to bind the substrates. During ATP hy-
drolysis in F,, the reverse reaction operates. This model
has been called the binding change mechanism [19]. The
model assumes that one or two catalytic sites are occu-
pied by ATP (or ADP) at any moment of steady-state
catalysis [21] and has adapted the so-called bi-site catal-
ysis. However, using the fluorescence of tryptophan in-
troduced near the catalytic site as the signal of nucleotide
binding, it has been shown that all three catalytic sites are
occupied under physiological conditions. In the case of
the E. coli F,-ATPase MgATP binds in stoichiometric
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amounts at the first catalytic site (single site) with high
affinity (Ky, = 10° M; [22, 23]. Occupation of the second
and third sites by MgATP occurs with significantly lower
affinity (negative cooperativity; K, = 10 M, Ky; = 103
M). Furthermore, comparison of MgATP binding stoi-
chiometry with hydrolysis data under steady-state
MgATP hydrolysis showed that K;; corresponds to the
K, -value, indicating that all three catalytic sites bind a
nucleotide to attain the maximum hydrolysis rate (tri-site
catalysis) [24].

Structure of the F; domain

F, can be easily and reversibly dissociated from F, as a
soluble enzyme that only hydrolyzes ATP and is often
called F,-ATPase. Significant insights into the molecular
mechanism of ATP hydrolysis came from the X-ray
analysis of the a3,y complex of the bovine F -ATPase
[25]. The crystallographic model shows that the three a’s
and fB’s are alternatively arranged in a hexameric ring
forming a large central cavity in which half of the long
coiled-coil y subunit is inserted (fig. 2). This coiled-coil
structure of subunit y is asymmetrically located in the
shaft relative to the axis of the a;; complex and pro-
trudes from it by about 30 A into the stalk region. A third
short a helix of the y subunit is inclined at a 45° angle to
the coiled-coil domain at the bottom of the F, as it merges
with the stalk that connects the F, and F, parts. A key fea-
ture of the structural model is its asymmetry, particularly
in the nucleotide occupancy and conformations of the
catalytic 8 subunits. One f subunit, designated SB;,, con-
tains the ATP analogue MgAMP - PNP and is linked to
the short a helix of the y subunit via the C-terminal do-
main. A second S subunit, S, has MgADP bound, and

©)

Figure 2. Comparison of the crystal structure of the F,F,-ATP synthase (4), the three-dimensional reconstruction of the V,-ATPase with-
out subunit C from M. sexta ((B), [85]) and the low-resolution envelope of the M. mazei G61 A;-ATPase (C) [87]. The F,-complex was de-
termined from the bovine [32] and the c¢-ring (¢,,) — presented below the dashed line — from the S. cerevisiae ATP synthase [35], respec-
tively. The crystallographic cordinates were taken from the Brookhaven Protein Data Bank [174], entries 1E79 and 1QO1.
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the third catalytic site, B, is empty. The three noncatalytic
o subunits are occupied with MgAMP - PNP and adopt
similar conformations [25, 26]. A novel crystal structure
of bovine F, [27], with all three catalytic sites occupied by
nucleotides, shows the complex in the presence of
MgADP and aluminium fluoride (AlF;). Two § subunits
bind MgADP-AIF, and were identified as being equiva-
lent to Brp and B, in the structure of the bovine a;f;y
complex (see above) regarding their relative positions to
the asymmetric y subunit. Their structures are similar to
each other, whereby the catalytic sites are not equivalent,
due to the different relative positions of the correspond-
ing a subunits (which contribute residues to the catalytic
sites). The third f subunit equivalent to f; takes a half-
closed conformation and retains MgADP and a sulfate at
the catalytic site. This conformation is proposed to repre-
sent the posthydrolysis product state, with the sulfate
group mimicking the cleaved y phosphate. However, in
this form, the C-terminal domain of 8 swings about 23°
upwards, and the distance between the B-phosphate of
ADP and the sulfate would be too long to resynthesize
ATP, even if sulfate were replaced by phosphate. Notably,
the molecular structures of the rat liver [28] and the
chloroplast F, [29] have been determined in the absence
of magnesium and show that all & and 8 subunits appear
to have the closed conformation, implying that the asym-
metry of the catalytic sites in F, is controlled by magne-
sium and subunit y. However, if the objective of future
structural studies on F, is to understand the mechanism of
ATP synthesis/hydrolysis, it may be most profitable to
obtain crystals containing all of the physiological sub-
strates for ATP synthesis/hydrolysis.

Structural features of the central stalk subunits

Until recently, the atomic structure of the protruding part
of the central stalk of F, was not resolved because of pre-
sumed disordering. Analysis of crystals containing the
o B;ve complex of E. coli F, revealed that subunit y ex-
tends from the a;; hexagon far enough to traverse the
full length of the central stalk [30], in agreement with the
refined crystal structure at 2.4 A resolution of the y—¢
complex from E. coli [31] and the complete bovine F,-
ATPase, inhibited with dicyclohexylcarbodiimide
(DCCD) (fig. 2; [32]). In these structural models the y
subunit is arranged in six « helices and five S-stranded 8
sheets [31, 32]. The bottom of y is in contact with the ex-
ternal loop of subunit ¢ [33—35] (fig. 2). Adjacent to the
‘bottom’ part of subunit y an additional density has been
observed in both electron density maps [31, 32], and the
structure of the ¢, subunit [36], the counterpart of the
bovine & subunit (fig. 1; 8,,), has been modelled in these
densities. Like subunit ¢, the subunit &,, is composed of
a C-terminal helix-loop-helix structure and an N-terminal
10-stranded B-sandwich structure. The modelling of the
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€., subunit indicates that the C-terminus of the polypep-
tide is turned away from the bottom domain of the cat-
alytic B subunit. This domain is believed to be involved in
the coupling of ATP hydrolysis/synthesis in the catalytic
subunits along with y and €, acting as a rotor (reviewed
in [17]). The position of the C-terminal a-helical domain
of e differs from the model of the y,.— ¢, subcomplex [31]
and the reevaluated electron density map of the E. coli
o, Bsv€.. complex [37], in which these two C-terminal «
helices are separated and stretch upwards to contact the
o;B; hexamer. Most recently, these two arrangements
have been trapped in the E. coli F F,-ATP synthase [38].
With the C-terminal domain of € towards F,, as in the
bovine structure, ATP hydrolysis is activated, but the en-
zyme is fully coupled in both ATP hydrolysis and synthe-
sis. With the C-terminal « helices toward the F, domain,
ATP hydrolysis is inhibited and yet the enzyme is fully
functional in ATP synthesis. However, it is not yet possi-
ble to be precise about the distinct positions of the C-ter-
minal domain of & during ATPase function.

The electron density map of the DCCD-inhibited form of
the bovine F,-ATPase also reveals the structure of the mi-
tochondrial € subunit (g,), which has no counterpart in
the bacterial F,F, and completes thereby the inside of the
central stalk subunits (fig. 2). The 50 amino acid ¢, has a
helix-loop-helix structure and appears to stabilize the
foot of the central stalk, where the y, 6,, and ¢, subunits
all interact extensively [5, 25]. It is likely that all three
subunits contact the F, domain.

Structure and function of the F, domain

The F, domain in its simplest form as encountered in
most bacteria consists of three subunits, a, b and ¢, in a
stoichiometry of 1:2:9-14 which mediate ion flow
through the cytoplasmic membrane [1]. A high-resolu-
tion structure of the complete F, is not available. Subunit
b contains two transmembrane « helices [39] and a rather
large cytoplasmic domain which is proposed to be a part
of the peripheral stalk [40, 41] (fig. 3). The crystal struc-
ture of the cytoplasmatic domain of b (residues
Thrg,—Lys,,,) is characterized by a monomeric a helix
with a length of 90 A [42]. Subunit b is not involved in
ion transport across the cytoplasmic membrane which is
catalyzed by the membrane-embedded subunits ¢ and c.
Extensive mutagenesis studies revealed that residues
Arg-210, His-245 and Glu-219 of subunit @ (E. coli num-
bering) are involved in ion transport [43—45], but recent
studies revealed that only Arg-210 is essential for ion
conduction [46]. This residue is in close proximity to the
active carboxylate of subunit ¢ (Asp-61 in E. coli) [44, 46,
47], and as we shall see later, both residues are key play-
ers in ion transport. The structure of subunit a is not
known. Secondary structure analyses predict five or six
transmembrane helices, and both models are supported
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Figure 3. Proposed secondary structures and topology of subunits a and b of bacterial F-type ATPases, subunit a of V-type ATPases and
subunit I of A-type ATPases. R, indicates the specific Arg-residue involved in ion translocation. The helical arrangement of the peptide en-
compassing residues Met1—Ile33 and the three-dimensional structure of the peptide Thr62—Arg122 of subunit b derived from nuclear mag-
netic resonance (NMR) [37] and crystallographic data [42], respectively. For explanations, see text.

by experimental evidence [48—50]. Furthermore, not
only the number of transmembrane helices but also the
cellular localization of the N and C termini are currently
under debate [51-52].

Subunit ¢ has two transmembrane « helices that are con-
nected by a cytoplasmic loop. The active carboxylate (as-
partate or glutamate, Asp-61 in E. coli; fig. 4) which un-
dergoes protonation/deprotonation cycles during H*
transport is located in helix 2 [53]. Structural data show
the ¢ polypeptides arranged in a ring with a stoichiome-

try of 10, 11 and 14 ¢’s in yeast [35], Ilyobacter tartari-
cus [54, 55] and chloroplasts [56], respectively. Because
biological function was not proven, it is not clear whether
the different stoichiometries are the result of purification
artifacts or indeed represent the in vivo structure. The
structure of this ring is unknown, but it is assumed that
the subunit ¢ monomers are arranged in a front-to-back
type giving two concentric rings. It is still a matter of de-
bate whether helix 1 or 2 makes the outer ring of the
oligomer [57—-60]. One of the critical questions impor-
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tant for the mechanism of ion translocation is the position
of the active carboxylate relative to the cytoplasmic mem-
brane. Two models were proposed, in which the active car-
boxylate resides either in the cytoplasmic membrane [58,
61] or at the cytoplasmic site [62, 63]. However, most re-
cently, the cytoplamic site model was revised [55, 64].
Subunit ¢ contacts the central stalk of the enzyme by an in-
teraction of the cytoplasmic loop with subunit y and £[33,
34]. Electron microscopy [65] as well as atomic force mi-
croscopy [66] revealed that subunit a is located outside the
ring of ¢ subunits, and it is speculated that the ion passes
through the interphase between subunits @ and ¢ [61].

The F,F,-ATPase operon from Actobacterium woodii dif-
fers from all other F,F,-ATPase operons known by the
presence of three genes encoding proteolipids (fig. 4;
[67]). AtpE, (subunit ¢,) and AtpE; (subunit c;) are 100 %
identical on the amino acid level, and only 18 substitu-
tions occurred on the DNA level. This is strong evidence
for duplication of an ancestral gene. The deduced mole-
cular mass of the polypeptides is 8.18 kDa. AfpE, is more
than double the size of atpE,;. The first and second
halves are 66 % identical on the DNA level, indicating a
duplication of a precursor and subsequent fusion of the
two gene copies. The deduced molecular mass of AtpE,
(subunit ¢,) is 18.37 kDa, with four predicted transmem-
brane helices arranged in two hairpins, but the mem-
brane-buried ion-binding residue (Glu-62 in AtpE,;) is
substituted by a glutamine residue in hair pin 2 (fig. 4).
Western blot analyses revealed the presence of both 8-
and 16-kDa proteolipids in the F,F,-ATPase from A.
woodii [68]. The proteolipid oligomer of the F ,F,-AT-
Pase from A. woodii is the first known to contain a mix-
ture of 8- and 16-kDa polypeptides [69]. The het-
erooligomeric structure could give rise to an alternative
mechanism of ATPase regulation (see below). However,
the stoichiometry of the different polypeptides in the ¢
oligomer has not yet been determined.

Although most F,F,-ATPases use H' as coupling ion, the
enzymes from the anaerobic bacteria Propionigenium
modestum, A. woodii and I. tartaricus use Na* as the cou-
pling ion under physiological conditions [69, 70]). Ap-
parently, only a very few changes are required for chang-
ing the ion specificity of F,F,-ATPases. In addition to the
active carboxylate in subunit ¢, an adjacent serine or thre-
onine residue in the same helix and a glutamine in helix
1 were identified by mutagenesis studies to be involved in
Na* liganding, and sequence comparisons led to the hy-
pothesis that a fourth residue, a proline in helix 1 may be
engaged in Na* binding [71-73] (fig. 5). Whether there
is an additional specific Na*-binding motif in subunit a
remains to be seen, but sequence analyses revealed a very
strong similarity in the C terminus of subunit @ of Na'-
F,F,-ATPases [74]. Clearly, the discussion on the func-
tion of the F; domain is hampered by the lack of high-res-
olution structures.
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Gene Pel:_»tide Organism
atpC j“l' E. coli

H
atpE, Q¥ A. woodii
atpE; o % A. woodii
atpE, e Fo %} A. woodii

N C

Figure 4. Gene-polypeptide correspondence of subunits ¢ [175]
and ¢y, ¢,, ¢; from the F,F,-ATPsynthase of E. coli and A. woodii,
respectively. The amino acids proposed to be involved in ion con-
duction are indicated. The potential Na*-binding proline residue is
not indicated (cf. fig. 5). The NMR coordinates were taken from the
Brookhaven Protein Data Bank [174], entry 1A91.

The F, domain is a rotational motor with subunits a and
b being part of the stator and subunit ¢ being the rotor. For
further discussion of the function of the F, domain, see
below.

Structure and mechanism of V,V,-ATPases

Structure of the V, domain

Whereas the F, and F, sectors described above form a sta-
ble associated complex in the cell, a fundamental differ-
ence to the V,V,-ATPases is the reversible dissociation of
V, from the V, complex as an in vivo regulation, as
shown during moulting [75] and response to glucose
withdrawal [76] in the tobacco hornworm Manduca sexta
and yeast, respectively. In both insects and yeast, disas-
sembly of V, resulted in decrease of Mg-ATPase activity
and proton pumping at the membrane, and reassembly re-
stored these activities [77, 78]. Notably, neither disas-
sembly nor reassembly requires new protein synthesis.
The recovery of disassembled V| particles from the cyto-
plasm in high yield and purity [79] made the structural
determinations possible.
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Figure 5. The proposed Na*-binding motif in subunit ¢ of F,F,-ATPases. Residues (proposed) to be involved in Na* binding (Pro-25, Gln-
29, Glu-62, Thr-63, 4. woodii numbering) are given. The involvement of Pro-25 is based on sequence comparisons only. For explanations,

see text.

The V, domain has a mushroom-like shape [80] and com-
prises the catalytic subunit A and the nucleotide-binding
subunit B in a stoichiometry of A;:B;, and the so-called
stalk subunits C—H in a proposed stoichiometry of
C,:D,:E,:F,:G,:H, [81]. A comparison of independently
identified V, structures [80, 82—84] reveals that the A
and B subunits are hexagonally arranged, and alternate
around a central cavity of approximately 3.2 nm in which
a seventh mass is located [85]. A recent three-dimen-
sional structure of the V,-ATPase from M. sexta at 18 A
resolution (fig. 2) shows that the seventh mass is not lo-
cated in the center of the cavity of the A;B; hexamer, but
slightly offset to one side, leading to stronger connection
of two nonneighboring A subunits [85]. This feature is
comparable to the asymmetric location of subunit y in the
o, 35 subcomplex, linking two different occupied catalytic
subunits, B, and B (see above; [25]). Seen from the side
the structure shows three protuberances at the top of the
o, B; headpiece, which might belong to the N termini of
subunit A [18, 84—86]. At the bottom side of the a;3; do-
main the stalk protrudes with an angle of approximately
7° with the vertical axis of the cavity. The shape of the
stalk resembles the stalk domain of the related A,-ATPase
of Methanosarcina mazei Go1 [87] (fig. 2).

The only component of the V,-ATPase solved at atomic
resolution (3.0 A) is subunit H [88], which has no ho-
molog in A- or F-ATPases. This elongated subunit is re-
quired for V-ATPase function [89, 90] and interacts with
the subunits B, E and F as shown by cross-linking exper-
iments [84, 91]. Subunit H is characterized by the large,
primarily a-helical N-terminal domain, forming a shal-
low groove, and the C-terminal domain, both connected
by a four-residue loop [88].

Differential protease sensitivity, release by chaotropic
agents and cross-linking studies have been used to obtain

topological models of the stalk subunits inside the V,
complex [81, 84]. These studies have shown that the sub-
units C, F, G and H are exposed in the complex. Although
the energy transduction mechanism of V-ATPase is pre-
dicted to be similar to that of F-ATPases, it is still under
discussion whether subunit D [92, 93] or E [84, 94, 95],
both highly a helical, correspond to the y subunit of F-
ATPases. Xie [96] reported that at least the A, B, C, E and
G subunits, but not the D and F subunits, are essential for
ATP hydrolysis in the bovine enzyme. This is in line with
most recent experiments in which a stable A;B;CE and
A;B;EG subcomplex with high ATPase activity have
been observed from the clathrin-coated vesicle H*-AT-
Pase [97] and from M. sexta V-ATPase [V. F. Rizzo, U.
Coskun and G. Griiber, unpublished data], respectively.
Recently determined low resolution structures of the V-
ATPase from Caloramator fervidus [82] and M. sexta
[80, 85] revealed a molecule with a single, compact stalk,
but no peripheral stalk. Side-view projections of nega-
tively stained V,V-ATPases from C. fervidus show a pe-
ripheral stalk, proposed to be formed by the V, portion
and to function as a stator [14]. More recently, a second
peripheral stalk in the V,V,-ATPase has been described
from negatively stained images [15, 86, 98]. These struc-
tural data pose the question, which subunits comprise the
putative second stator, and does the V, complex become
more compact following dissociation, with the peripheral
stalk collapsing into a single stalk in free V,-ATPase?

Structure of the V, domain

The V,, domain is comprised of at least five subunits, a,
d, ¢, ¢’, and ¢”. Subunit a is a two-domain protein and
combines functional and structural features of subunits a
and b of F-ATPases [99] (fig. 3). The large, N-terminal
hydrophilic domain interacts with both subunits H and A
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[100], and therefore it is most likely part of the second
stalk (the stator). Interestingly, there is only one copy of
subunit a in V,,, whereas there are two copies of subunit
b in F,. The role of the missing ‘soluble b’ could be taken
over by subunit G, which has some sequence similarity to
the ‘soluble b’ of F-ATPases [101]. The C-terminal do-
main of subunit « is very hydrophobic and predicted to
span the membrane nine times. Mutagenesis studies have
identified several membrane-buried residues important
for function, but as with subunit a of F-type ATPases,
only one Arg residue (Arg-735 of Saccharomyces cere-
visiae) was shown to be essential for ion transport [99];
this residue is most likely the essential positive charge on
the stator (see below). Recently, Arg-573 of subunit a of
Enterococcus hirae was identified to be involved in Na*
binding [102].

Subunits ¢, ¢” and ¢’ are similar to each other and to other
proteolipids from F-, A- and V-type ATPases. Subunits ¢
and ¢’ are twice the size of the 8-kDa proteolipids from
bacteria and most archaea, and arose by duplication and
fusion of an ancestral proteolipid gene giving rise to a 16-
kDa protein with four transmembrane helices [103, 104].
Importantly, the active carboxylate was conserved in
TM4, but not in TM2. Subunit ¢” is even bigger and has
five predicted transmembrane helices, with the active
carboxylate conserved only in TM3. Elegant studies
clearly demonstrated that each V, domain contains at
least one copy of ¢, ¢” and ¢” [104], and it is assumed that
the number of transmembrane helices in F-, V- or A-AT-
Pases is similar (~24 transmembrane helices, see above).
Therefore, the number of proton translocating residues in
V, is only half of that in F,.

Subunit d is a completely hydrophilic, cytoplasmic pro-
tein but copurifies with the V, complex and, therefore, it
is regarded as a V subunit [105]. Its function is un-
known, but it could be involved in regulation of ion con-
ductance through V,,.

Recently, a sixth subunit (e) of the V, domain was de-
scribed for the V-ATPase of the M. sexta midgut [106],
bovine chromaffin granules [107] and Arabidopsis
thaliana [108], with apparent molecular masses of 9.7,
9.2 and 7.8 kDa, respectively. Until now, nothing is
known concerning its function. Interestingly, the ho-
molog to these polypeptides in yeast is Vma2l, resident
in the endoplasmic reticulum and there involved in as-
sembly processes of the V-ATPase [109].

The coupling ion in most of the V-ATPases studied to date
is the proton. However, two anaerobic bacteria, Caloram-
ator fervidus [110] and E. hirae [111], contain Na'-
translocating ATPases of the A/V type (for classification,
see below). Both are fermenting anaerobes that have a
rather low energy yield obtained only through substrate
level phosphorylation. C. fervidus is a thermophile, and
E. hirae produces the Na'-translocating A[V]-ATPase
only at alkaline conditions. In both cases, Na'-based
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membrane energization is energetically advantageous
over the use of protons [112, 113]. The proteolipid of the
A[V]-ATPases from E. hirae contains the sodium ion
binding motif, and the active carboxylate has been iden-
tified experimentally to be involved in Na* binding [114].
Nothing is known about Na* binding in subunit a.

Properties and function of the archaeal A-ATPase

Structure and function of the A; domain

The A, complex of archaeal ATPases possesses a pseudo-
hexagonal arrangement of six peripheral globular
masses, reflecting the major subunits A and B, as pro-
posed from two-dimensional images of the thermoaci-
dophilic archaea Sulfolobus acidocaldarius and
Methanosarcina mazei Go1 [115, 116] (see figs 1, 2).
Photoaffinity labelling with the nucleotide analog 2-N;-
ATP showed that both subunits can be labelled with a
preference for subunit A [117]. This is in agreement with
the fact that subunit A contains the Walker motifs A and
B [118], which are critical for nucleotide binding [25],
and that the conserved motif G-X-X-X-G-K-T is present
in subunit B 195 amino acids downstream of the expected
nucleotide binding site [3]. In contrast to the related F-
ATPases described above, little is known about the over-
all structure and the subunit topology of this complex.
Two major advances towards an elucidation of the qua-
ternary structure of the A-ATPase have been made dur-
ing the last years. First, a fragment containing ahaF,
ahaC, ahaF, ahaB, ahaA and ahaG of the A|Ay-ATPase
operon from the methanogenic archacon M. mazei Gol
was cloned in an overexpression vector and transformed
into the F,F,-ATPase negative mutant £. coli DK8 which
produced an A,-ATPase upon induction of gene expres-
sion [119]. Second, an A ;Ay-ATPase containing 9 of the
10 subunits deduced from the DNA sequence could be
purified from the hyperthermophilic methanogenic ar-
chaeon Methanococcus jannaschii [A. Lingl and V.
Miiller, unpublished data].

The A, complex heterologously produced in E. coli is
made up of the five different subunits A—D and F with
molecular masses of 64, 51, 41, 24 and 11 kDa, as esti-
mated from the amino acid sequences [116]. Their local-
ization within the complex is not clear (but see below),
but homologs could be identified in other ATPases (see
table 1). A model-independent approach, which is based
upon the multipole expansion method using spherical
harmonics [120], has been used to study the three-dimen-
sional envelope of the A;B;CDF complex from solution
X-ray scattering (fig. 2; [80]). The determined complex is
asymmetric, with a headpiece which is ~ 94 A long and
92 A wide, and a stalk with a length of ~ 84 A and 60 A
in diameter that accounts for linking catalytic site events
in the A, headpiece with ion pumping through the A, do-
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main [87]. Superposition of the low-resolution structure
of the A, complex with the atomic model of the oS,y
complex of the related F,-ATPase from E. coli [30] re-
veals a striking similarity, especially with respect to the
disposition of the nucleotide-binding subunits a and g,
the homologs of subunits B and A, respectively [87]. This
structural similarity lends support to the view that A- and
F-ATPases share a common catalytic mechanism for ATP
synthesis.

Further insights into the topology of the A,-ATPase were
obtained by tryptic digestion. These studies have shown
that the subunits C and F are exposed in the complex,
whereas subunit D is well protected from the effect of
trypsin [87]. The shielding of subunit D from trypsin is an
important finding since this subunit has been proposed as
the structural and functional homolog of the y subunit of
F-ATPases [3, 11]. Most recently, it has been shown that
subunit D can be cross-linked to the catalytic A subunit
depending on nucleotide binding. An A-D-A formation
occurs after addition of MgADP and to a small extent in
the presence of the hydrolyzable MgATP but not in the
presence of MgADP+Pi, MgAMP-PNP or the absence of
nucleotides. This interaction between A and D involves
the N and C termini of subunit D [121], whose secondary
structures are predicted to be o helical [116], as described
for both termini of subunit y of F, [25]. The X-ray struc-
ture of F, reveals that the a-helical N and C termini of y
intercalate into the cavity of the a;f; assembly of F,,
thereby linking two differently occupied catalytic sub-
units, Brp and By [25]. Therefore, binding of D to the cat-
alytic A subunit of A, followed by release may play a part
in coupling the catalytic sites with the stalk region.

In general, significant structural alterations occur in the
A,-ATPase due to nucleotide binding. Small-angle X-ray
studies showed that the value of the radius of gyration, R,,
increases slightly when MgATP, MgADP or MgADP+Pi
are present, whereby binding of the unhydrolyzable
MgAMP-PNP causes a slight decrease [121]. Such con-
formational changes of the quaternary structure are con-
sistent with alterations in the related F,-ATPase, as
demonstrated in the most recent crystallographic model
of bovine F,-ATPase [27], in which significant changes
of the lower part of the nucleotide binding domain and the
C-terminal domain of the catalytic § subunits have been
observed depending on nucleotide binding. The confor-
mational changes in the A, headpiece due to nucleotide
occupation correlate with structural alterations in the
stalk region, which can be expected when the stalk cou-
ples ATP hydolysis/synthesis with ion conduction. Sub-
unit C and E, shown to be exposed A, stalk subunits, are
less accessible to trypsin in the presence of MgATP as in
the presence of MgAMP-PNP [121].

It is interesting to note that subunits E and G were not pre-
sent in the purified complex. The homolog of subunit E is
not obvious from sequence comparisons, but it was sug-
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gested that subunit E might be homologous to subunit 6
of F,F, ATPases [3]. However, subunit E is required nei-
ther for assembly nor for function. Genome sequencing
revealed ahaG homologs at the same position in the atp
operons from M. mazei GO1 [122], Methanosarcina ace-
tivorans [123] and Methanosarcina barkeri [124] but not
in other archaea. So far, production of subunit G could
not be demonstrated in M. mazei G61 [T. Lemker and V.
Miiller, unpublished]. Therefore, it is still unclear
whether a#pG is an authentic ATPase gene.

Structure and function of the A, domain

The A, domain contains only two membrane-intrinsic
subunits, [ and K. The molecular mass of subunit I ranges
from 72 to 76 kDa [3]; it is very similar to subunit a of
V,V,-ATPases with a hydrophilic N terminal and a hy-
drophobic C-terminal domain of apparent molecular
masses of ~39 and ~33 kDa, respectively, in M. mazei
G0l (fig. 3). The hydrophilic domain is predicted to be
highly « helical and assumed to be the functional ho-
molog of the soluble domain of subunit b of F,F,-
ATPases. As discussed above for subunit @ of V-type
ATPases, the missing ‘soluble »* homolog could be pro-
vided by subunit H. In this context is interesting to note
that the gene encoding subunit H precedes the gene en-
coding subunit I. The hydrophobic C terminus of subunit
I is predicted to have seven transmembrane helices and is
assumed to be functionally similar to subunit a of F F-
ATPases; however, similarity on amino acid sequence
level is below 20%. The hydrophobic domain of Vphlp as
well as subunit a of F,F,-ATPases are known to be in-
volved in H* translocation [125-128]. A multiple align-
ment of subunit I from A-ATPases and subunit a from
V-ATPases reveals a high degree of conservation. The
arginine essential for ion translocation (¢Arg-735 in Sac-
charomyces cerevisiae [99]) is conserved in subunit [
(equivalent to Arg-557 of M. mazei G61); this residue is
most likely the essential positive charge on the stator in
A, (see below).

The homolog of subunit d of V-ATPases is not obvious,
but it had been speculated, based on weak sequence sim-
ilarity, that subunit C is similar to subunit d of V-ATPases
[129]. Subunit K is synonymous with the proteolipid.
Proteolipids have been purified and characterized from
some archaea and in almost all cases they were shown to
be of M,= 8000 with two transmembrane helices [116,
130—133]. Furthermore, with the exceptions mentioned
below genome sequences predict 8-kDa proteolipids in
archaea. This size corresponds to the size of the prote-
olipid from F,F,-ATPases and was hitherto assumed to be
the reason for the F-like properties of the A; A,-ATPases,
i.e. their function as ATP synthases. However, M. ther-
moautotrophicus and M. jannaschii have proteolipids
with four and six membrane-spanning helices, respec-
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tively. Apparently, the proteolipids from M. thermoau-
totrophicus and M. jannaschii arose by gene duplication
and triplication, respectively, with subsequent fusion of
the genes [134, 135]. In case of M. thermoautotrophicus,
the ion-transloacting carboxylate is conserved in helix 2
and 4, but in M. jannaschii it is only conserved in helix 4
and 6, in helix 2 it is substituted by a glutamine residue
(fig. 6). The proteolipid from M. jannaschii is the first
triplicated proteolipid found in nature and of particular
importance for the concepts of ion translocation and its
coupling to ATP synthesis.

So far, the ion specificity of A;A,-ATPases has not been
addressed experimentally to a great extent. It was shown
for only a few archaea that artificial H* gradients drive the
synthesis of ATP, but so far the use of Na* as coupling ion
was not demonstrated unequivocally (reviewed in [3]).
The strictly anaerobic methanogenic archaea are unique
among organisms because they couple the pathway of en-
ergy conservation with the primary extrusion of both Na*
and H'. Claims have been made for H*- as well as Na*-dri-
ven ATP synthesis in M. mazei G61 and M. thermoau-
totrophicus, and inhibitor studies suggested the presence

gene
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of H'-coupled A,A,- and Na*-coupled F,F,-ATPases
[136—139]. In contrast, genome studies clearly excluded
the presence of F,F-ATPase genes in M. mazei Go1 [122]
and M. thermoautotrophicus [140], but revealed the A, A -
ATPase genes. Therefore, the question how the Na* gradi-
ent is converted to ATP synthesis is still open. Neverthe-
less, two related species, Methanosarcina barkeri and
Methanosarcina acetivorans indeed have both A;A,- and
F,F,-ATPase clusters in their genomes [123, 124]. How-
ever, an expression of the F,F,-ATPase genes of M. bark-
eri or the production of a functional F,F,-ATPase could
not be demonstrated [T. Lemker and V. Miiller, unpub-
lished]. Future studies using the genetically tractable M.
acetivorans should shed light on the enigma of the F,F-
ATPase genes in some methanogens.

Interestingly, inspection of the DNA sequence revealed
the presence of the Na* binding motif of subunit ¢ of
F,F,-ATPases in every methanoarchaeal proteolipid se-
quenced to date, but not in other archaea such as Pyro-
coccus abyssi, Halobacterium salinarum or Sulfolobus
acidocaldarius [C. Weidner and V. Miiller, unpublished].
This finding supports the hypothesis that the methanoar-
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Figure 6. Gene-polypeptide correspondence of proteolipids from archaea. The duplicated and triplicated proteolipids of M. thermoau-
totrophicus and M. jannaschii arose by gene duplication and triplication events, respectively, followed by a fusion of the gene copies. The
ion-translocating residues are indicated. For further explanations, see text.
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chaeal A Ay-ATPase could also use Na* as coupling ion.
This question could not be addressed experimentally due
to the fact that only subcomplexes of A;A,-ATPases were
purified to date; none of the preparations contained sub-
unit I, which is essential for ion translocation. However,
the recently established protocol for the purification of a
complete A ;A,-ATPase from the hyperthermophile M.
Jjannaschii [A. Lingl and V. Miiller, unpublished] will en-
able an experimental approach adressing this question.

The ATPases are rotatory machines

As discussed above, Boyer postulated already some time
ago [19], based on kinetics of ATP hydrolysis, that the
three B subunits of the F-ATPase are in a different state at
any given time with respect to nucleotide occupation. But
how are the conformational changes propagated between
the sites, and how is this coupled to ion flow through the
distantly located membrane domain? The key to this
enigma came from the study of Walker, Leslie and co-
workers who solved the structure of the bovine F,-ATPase
at 2.8 A resolution [25]. It showed the three aff pairs in
different conformations: one open, one closed having
ATP bound and one partly open having ADP + P, bound.
Moreover, the structure also revealed an intrinsic asym-
metry of the enzyme with the y subunit in contact with
only one af pair; this was suggested before from cryo-
electronmicrospcopy studies by Capaldi and co-workers
(reviewed in [141, 142]). Furthermore, the structure re-
vealed that subunit y is protruding into the a8 hexagon as
a shaft through a hydrophobic sleeve. All these observa-
tions strengthened the old hypothesis about rotation of
subunits in F, and led to a series of different experiments
attempting to prove the concept of rotation. First, Cross
and co-workers presented cross-linking experiments in
which they first bound y to a given a3 pair, then released
the cross-link, formed a new one and found y attached to
a different aff pair again [143]. The next step was done by
Junge and co-workers, who introduced a fluorescence la-
bel onto subunit y and demonstrated ATP-driven rotation
of y by polarized absorption recovery after photobleach-
ing [144]. A direct visualization was achieved by Yoshida,
Kinosita and co-workers who introduced a labelled actin
filament onto subunit y and demonstrated ATP-driven ro-
tation of y by an optical microscope [145]. In these ex-
periments, a rotation by 360° in three 120° steps was ob-
served. Recently, the same group observed rotational
substeps of 90° and 30° by submillisecond kinetic analy-
sis of the F, complex [146]. These experiments gave un-
equivocal evidence for a rotation of subunit y relative to
the a;f3; hexagon during ATP hydrolysis.

However, the critical question still is how ion flow through
F,, is driving rotation of subunit y in F,. Of course, a rota-
tion of the ¢ ring against subunit ¢ which then drives rota-
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Figure 7. The motor of Na*-F,F,-ATPases. The rotor is made from
proteolipid oligomers, and the stator function is provided by subunit
a. The sodium ion binding site on the rotor is GIn-29, Glu-62, Thr-
63 and probably Pro-25 (4. woodii numbering), and indicated by
light green. The positive charge on subunit a is the well-conserved
arginine (Arg-210 in E. coli). Adapted from ref. 62. For further ex-
planations, see text.

tion of subunit y would be the obvious answer. However,
the final experimental evidence for a rotation of the ¢ ring
is still missing. The observation that subunits y, £ and c as
well as ¢ subunits to each other can be cross-linked with-
out loss of activity supported the idea of ion gradient-dri-
ven rotation of the ¢ ring that then drives rotation of € and
y during catalysis, and additional cross-linking experi-
ments demonstrated subunits @, b, 6, a and f as part of the
stator (reviewed in [52, 147]). In analogy to the experi-
ments performed by Yoshida and co-workers with subunit
y[145, 146], several groups positioned a fluorescently la-
belled actin filament onto subunit ¢ and could indeed
demonstrate ATP-driven rotation of the ¢ ring [148, 149].
Most recently, the observation of intersubunit rotation in
fully coupled molecules of the Na*-translocating ATP syn-
thase of Propionigenium modestum during ATP synthesis
or hydrolysis has been described [150]. Moreover, upon
the incubation with the Fy-specific inhibitor DCCD the
rotation was severely inhibited.

How does the motor function, i.e. convert electrochemi-
cal energy into torque generation? A major advance of
our understanding of rotor function comes from experi-
ments done with the Na*-F,F,-ATPase from P modestum
[151, 152] which will be summarized in the following
and are illustrated in figure 7. The rotor component (c
ring) is embedded into the cytoplasmic membrane and
contains the ion binding site. The ion binding sites are
freely accessible from the cytoplasm, but access from the
periplasm is restricted and only possible by a not-well-de-
fined channel, which leads to a negative charge on the ro-
tor. In the close vicinity of the negative charge of the ro-
tor subunits is the highly conserved 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 subunit a and a negative charge of the rotor
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form a salt bridge, thereby fixing the rotor to that posi-
tion. To the left of the hydrophilic stretch is a hydropho-
bic zone which prevents rotation of the ¢ ring with non-
occupied ion binding sites to the left. In the absence of a
membrane potential, the rotor idles against the stator with
no preference for direction of rotation; under these con-
ditions, exchange of 2Na’, /**Na}, occurs. Upon genera-
tion of a membrane potential, the rotor is forced to rotate
into one direction. The membrane potential, therefore, is
an essential component 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 the ¢ monomer. This allows the ion to enter the
hydrophobic zone and prevents it from going backwards.
Thereby, the ¢ oligomer rotates to the left. The rotor will
now donate the ion to the cytoplasm due to the lower
chemical activity of the ion inside. Charge regeneration
on the rotor also prevents the rotor from going back-
wards. In the reverse reaction, ATP hydrolyses drives ion
extrusion by the same mechanism. This model is sup-
ported by several lines of experiments and discussed in
detail by Dimroth and co-workers [62]. However, it
should be mentioned in this connection that a second
model is discussed which assumes two half channels giv-
ing access of the rotor to the cytoplasmic and periplasmic
side, respectively [61].

The sodium ion binding site of the ATPases of 4. woodii,
P modestum and I. tartaricus has been identified by ge-
netic and biochemical means to be GIn-32, Glu-65 and
Ser-66 (P modestum numbering); the serine residue is
changed to a threonine residue in 4. woodii. In addition,
a fourth residue (Pro-28, P modestum numbering) might
be involved [73] (fig. 5). However, so far, a specific
sodium ion binding site was not detected in subunit a. A
triple mutation (K220R, V264E, 1278N) of P modestum
subunit ¢ was unable to translocate Na* [153]; however,
with the exception of Ile-278 these residues are not con-
served in A. woodii and therefore it can be excluded that
they are constituents of a specific sodium ion binding site
[74]. Rather, the triple mutation most likely led to a per-
tubated overall structure of the channel not allowing en-
trance of Na*.

Assuming a number of 12 negative charges per c
oligomer and three ATP-binding sites in F,, a stoichiom-
etry of 4 protons (or a quarter of a full rotation) per ATP
synthesized must be postulated. How can this stoichiom-
etry be achieved mechanistically in a stepping motor? An
experimentally supported model presented by Junge and
co-workers suggests that subunit y functions as an elastic
power transmission shaft between the two motors F, and
F,[154]. Such a mechanism could also readily explain the
different H'/ATP ratios observed with different enzymes
that ranges from 3 to 4. It should be mentioned in this
connection that alkaliphilic microorganisms are faced
with the problem of a proton motive force of only —40 to
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—60 mV. Na*-driven ATP synthesis was never observed,
and therefore ATP synthesis can only be brought about by
a H'-F F,-ATP synthase with a H"/ATP stoichiometry of
>10 [113]. This could be achieved by a stiffer power
transmission, but subunit y from alkaliphiles is not obvi-
ously different, as based on primary sequence data.
Therefore, the question how ATP is synthesized in alka-
liphiles is still an enigma.

The overall similarities between F-, V- and A-ATPases
might also reflect a mechanistic similarity in their opera-
tion. The rotor component of the A-type ATPase comprises
at least the ¢ oligomer and subunit D, the homolog of sub-
unit y the stator certainly contains subunit I and the A;B;
hexagon. The localization of the other subunits is un-
known, and the amino acid similarities to the minor sub-
units of F-ATPase are too low to identify the homologs [3].
The rotor component of the V-type ATPase also comprises
at least of the ¢ oligomer and subunit D or E, the proposed
homolog of subunit y the stator also certainly contains sub-
unit a and the A;B; hexagon. However, the localization of
the other subunits is also unknown [10]. Interestingly, it
seems to emerge that V-ATPases might contain a second
peripheral stalk that was visible in electron micrographs of
the V-ATPase from C. fervidus [14]. More recently, a sec-
ond peripheral stalk in the V,V,-ATPase has been de-
scribed from negatively stained images [15, 86, 98].
Whether a second peripheral stalk is also present in A-AT-
Pases remains to be identified. However, this is a challeng-
ing task for future structural work. The residues essential
for motor function, i.e. the negative charge on the rotor
component, and the positive charge on the stator compo-
nent, are conserved in V- and A-ATPases (see above).

Functional and structural differences of A-, F-
and V-type ATPases

The discussion presented so far pointed out the similari-
ties in the overall structure of the A-, F- and V-type
ATPases. The best-understood specimen is the F-type
ATPase, in which the function of the eight bacterial sub-
units is, in principle, understood [155]. This can be re-
garded as the minimal core unit of an ATP synthase. Of
course, evolution fine-tuned the function of the enzyme,
which required additional components. Furthermore, the
evolution of structural cellular compartments added a
new layer of complexity, which asked for additional com-
ponents, e.g. proteins involved in transport, assembly,
targeting and stabilization. Therefore, more gene prod-
ucts are required for function and assembly of the mito-
chondrial F-ATPase or the eukaryal V-ATPases. The ‘core
unit’ of A- and V-type ATPases has evolved one additional
subunit not found in F-ATPase, subunit C. The function
of this subunit is not known, but it is located at the pe-
riphery of the central stalk of A- and V-ATPases [84, 87].
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However, the evolution of the three classes of enzymes re-
sulted in functional differences whose structural basis is
not always obvious at this time.

A fundamental distinction of the three types of ATPases
is the capability of isolated cytoplasmic domains to hy-
drolyze ATP. The reversible dissociation of the V, from
the V, complex is an in vivo regulatory mechanism for
the control of V-ATPase activity leading to V, complexes
of reduced MgATPase activity [75, 76]. Such a mecha-
nism of control is not found in F,F,- and A, A,-ATPases
and not required by the physiology of the cell or or-
ganelle employing F,F,- and A A,-ATPases for ATP
synthesis. The structural basis for this difference is un-
known, but it is tempting to speculate that subunits ex-
clusively found in V-type ATPases confer this special
property to them.

As pointed out above, the most important functional dif-
ference of the A-, F- and V-type ATPases is their capability
to synthesize ATP. F F- and A|A,-ATPases are engaged as
ATP synthases under most cellular conditions and synthe-
size the enormous amount of ATP required for biomass
production. However, the reaction ADP + P, & ATP is
completely reversible in vivo and in vitro, the direction of
the reaction, net ATP synthesis or ATP-driven ion pump-
ing, is only controlled thermodynamically or, in some spe-
cial cases, by modification of the enzyme; the latter is
known as thiol modification and is used in plants to inhibit
ATP hydrolysis and to prevent loss of ATP in the dark
[156]. This property of the F- and A-ATPases might be a
result of their structure. The capability to synthesize ATP is
directly dependent on the number of ions translocated per
ATP synthesized. According to AG, =—n - F - Ap, a phos-
phorylation potential (AG,) of ~50 to 70 kJ/ mol is sus-
tained by the use of n = 3—4 ions/ATP at a physiological
electrochemical ion potential of —180 mV (Ap). Because
most F- and A-ATPases have 12 ion-translocating groups
per enyzme or three a3/ AB pairs, this gives exact the num-
ber of ions required thermodynamically for ATP synthesis.
As outlined above, V,V,-ATPases have a duplicated pro-
teolipid with four transmembrane helices in which the
ion-translocating group is only conserved in helix 4. As-
suming a constant number of 24 helices in the ¢ oligomer
of ATPases, this would accommodate six copies of the
monomer, but only six ion-translocating groups per pro-
teolipid oligomer, half the amount as in F- and A-type
ATPases. This results in a stochiometry of only two ions
per ATP which is too low to allow ATP synthesis at a AG,
of ~50 to 70 kJ/mol and a Ap of —180 mV. However, the
reduced H'/ATP stoichiometry makes the enzyme a bet-
ter proton pump, because the same AG, can account for a
much higher Ap. Acidification of organelles is indeed the
function of the eukaryal V-ATPases. This is a clear exam-
ple for a structural change leading to a fundamental func-
tional difference in the ATPases. Of course, when the Ap
is increased artificially, the driving force is increased, and
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the enzyme is forced to synthesize ATP even at a H'/ATP
stoichiometry of 2. This has been demonstrated recently
for the V-ATPase from yeast [157].

These two examples clearly define the two extremes, but
what is the minimal number of ions allowing ATP syn-
thesis? Again, of course, this is dependent on the ener-
getic parameters AG,and Ap. However, two recent exam-
ples may be used to narrow down this number. The bac-
terium A. woodii contains at least one copy of the 16-kDa
proteolipid in the ¢ oligomer, which gives a maximal
number of 11 ion-translocating residues or a maximal
ion/ATP stoichiometry of 3.6 for ATP synthesis [66]. The
archaeon M. jannaschii has a triplicated proteolipid with
only 2 ion-translocating groups. Apparently, 2.6 carboxyl
groups per catalytic center are already sufficient for ATP
synthesis [134].

A new layer of regulation of ATPases?

As pointed out above, the number of ions translocated per
catalytic center is an important parameter in determining
the direction of the reaction catalyzed by ATPases. So far,
we have seen that V-ATPases evolved a proteolipid
oligomer with only half the amount of ion-translocating
groups, which prevents ATP synthesis but promotes ion
pumping. Accordingly, it should be possible to switch be-
tween ATP synthesis or ATP hydrolysis in F/A-ATPases
by changing the number of ion-translocating groups per ¢
oligomer. Clearly, it is hard to envisage how the number
of ion-translocating groups in a given oligomer could be
changed, but it seems feasible to alter the number of
monomers or the composition of the ¢ oligomer at the
level of assembly. This was originally suggested by
Brusilow and co-workers based on experimental data ob-
tained with E. coli [158], but might also be true for 4.
woodii with its 8- and 16-kDa proteolipids. E. coli was
shown to have a higher number of ¢ subunits during
growth on glucose compared with growth on succinate
[158]. A. woodii can switch from ion gradient-driven
phosphorylation to fermentation, and under fermentative
conditions the ATP synthase should work as an ATP-dri-
ven ion pump to generate the Ay, across the cytoplasmic
membrane that is essential to any living cell (fig. 8). Reg-
ulation of the number of ¢ subunits per ¢ oligomer could
turn out to be a new regulatory mechanism in ATPases.
Unfortunately, an experimental setup to approach this in-
teresting, potentially new layer of regulation of ATPases
experimentally is hampered by technical difficulties.

Evolution of ATPases

The same structure of two domains connected by one (or
two) stalk(s) is found in ATPases from all three branches
of the evolutionary tree, and it is assumed that all AT-
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E. coli A. woodii Eucarya
FiFo F/Fq Vivo
ATP synthesis low ¢,/c;;; = ATP synthesis ATP hydrolysis
ATP hydrolysis high ¢,/c,; = ATP hydrolysis

Figure 8. Regulation of ATPases by changing the proteolipid stoichiometries. Indicated are the proeolipid oligomers each having 24 trans-
membrane helices. This is made from 12 monomers in E. coli F,F,-ATPase or 6 monomers in eukaryal V,V,-ATPases. The stoichiometry
of the 16- (c,) and 8-kDa proteolipids (¢,/c5) in A. woodii is unknown. For explanations, see text.

Pases arose from a common ancestor [159, 160]. The ma-
jor polypeptides (a and 3, A and B) originated from du-
plication of one ancestral gene. In the line leading to the
A,Ay/V,Vo-ATPases, a number of deletions and inser-
tions occurred which on the one hand led to the loss of
catalytic activity from one subunit of the A;B, core parti-
cle, which still needs to bind nucleotides in order to
achieve its proper folding, and on the other hand to an en-
largement of the catalytic subunit relative to the noncat-
alytic which is vice versa in F,F,-ATPases.

Phylogenetic analyses of subunit A clearly revealed that
F,Fo-, A|Ap- and V,V,-ATPases form separate clusters
and agree well with analyses based on 16S ribosomal
RNA (rRNA) sequences [161]. Thus, it appears that the
ATPases have evolved together with the organisms that
they reside in. Therefore, the term ‘V,V,-ATPases’
should be restricted to eukaryal ATPases and not be used
for archaeal ATPases, as is often done. The ATPases from
Thermus thermophilus HB27 and E. hirae are always re-
ferred to as V-ATPases, although phylogenetic analyses
clearly show that they cluster within the A-ATPases [18].
They are of archaeal origin and should not be considered
as V, V- but as A,;A,-ATPases! This is a very important
finding, as it can be taken as evidence for horizontal
transfer of genes involved in central metabolism between
domains. In fact, representatives of the genus Thermus
are known for their extremely high competence for nat-
ural transformation, i.e. uptake of naked DNA [162,
163]. That shuffling of large pieces of DNA occurred
during early evolution is also evident from the fact that
30% of the genes of the mesophilic archaecon M. mazei
are of bacterial origin.

The majority of bacteria have F-ATPases, and the major-
ity of archaea A-ATPases. However, there are exceptions.
Two archaeal species, M. barkeri and M. acetivorans,

have in addition to the A-ATPase genes an F-ATPase gene
cluster encoding the eight structural subunits of bacterial
F-ATPases [122, 123]. However, to date there is no indi-
cation that these F-ATPase genes are transcribed or that
an F-ATPase is produced in addition to the A-ATPase [T.
Lemker and V. Miiller, unpublished]. The anaerobic, fer-
menting Gram-positive bacterium E. hirae has an F-type
ATPase to energize the cytoplasmic membrane, and a
Na'*-transocating A[V]-type ATPase which is induced at
alkaline pH [164].

There was always the hypothesis that the diversion of the
A, Ap-and V,V,-ATPases took place by a duplication and
subsequent fusion of the genes encoding the proteolipid
[165]. However, it appears that this is not the case based
on the following evidence (Fig. 9). Two genes each en-
coding a 8-kDa proteolipid are present in the archacon
Archaeoglobus fulgidus, which apparently represents an
intermediate in evolution [166]. Duplicated and even trip-
licated proteolipid-encoding genes that arose by multipli-
cation events followed by fusion of the gene products
were recently found in the A Ay-ATP synthases from M.
thermoautotrophicus and M. jannaschii, respectively
[134, 135]. This first evidence for multiplied proteolipids
in A Ay-ATPases shook the dogma of ‘16-kDa prote-
olipids in V-ATPases only’. Interestingly, these multiplied
proteolipids, were not ‘typical’ V-type proteolipids, for
the ion-translocating group was conserved in every hair-
pin (M. thermoautotrophicus) or in two out of three (M.
Jjannaschii). However, ‘typical’ 16-kDa proteolipids with
the ion-translocating group conserved only in TM2 are
present in members of the archaeal genus Pyrococcus, as
deduced from the genome sequence of two strains [167],
but the major subunits clearly cluster within the A ;A,-
ATPases. Therefore, this seems to be the first A;A,-AT-
Pase with a typical ‘eukaryal’ 16-kDa proteolipid. How
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Figure 9. Evolution of structure and function of ATPases. The evolution of the ATPases is delineated from their major subunits. In addition,
the structure of the proteolipids and the function of the enzymes are given. *Please note that 4. woodii does not have the 16-kDa prote-

olipid only but a mixture of 8- and 16-kDa proteolipids (¢, and ¢,/c;).

can this finding be explained? From what is known to
date, the metabolism of Pyrococcus seems to be exclu-
sively fermentative [168]. ATP is generated by substrate
level phosphorylation, and the cytoplasmic membrane is
energized by action of the A-ATPase. Evolution evidently
drove the production of an A;A,-ATPase with a 16-kDa
proteolipid having only six ion-translocating groups per ¢
oligomer. As in the case of V,V-ATPases, this enzyme is
well designed as an ion pump to energize the cytoplasmic
membrane. It should be mentioned in this context that it
was speculated that the switch from a A- to a V-type AT-
Pase occurred after an archaeon had picked up a bacterial
symbiont on the way to becoming an eukaryote [169].
However, in light of the finding of V-like proteolipids in
Pyrococcus, this switch must have occurred earlier and
could have been driven by a loss of the ability of ion gra-
dient-driven phosphorylation. Pyrococcus or its ancestors
might be descendents of the archaeal host that gave rise to
eukaryotes.

Most recently, the first F,F,-ATPase having a mixed
oligomer of two identical 8- and one 16-kDa proteolipid
with only one ion-translocating group in four TM helices
was found in the bacterium A. woodii [69]. These sub-
units are encoded by three genes embedded into the F,F-
ATPase operon. atpE, and atpE, are 100% identical on
the amino acid level, and atpE, arose by duplication of an
ancestral gene with subsequent fusion of the two gene
copies. This is the first example of a F,F,-ATPase having,
in addition to bacterial 8-kDa proteolipids, a V-like prote-
olipid, again, showing that 16-kDa proteolipids are not re-
stricted to V-type ATPases.

In summary, duplication events leading to multiplied pro-
teolipids are no exclusive feature of V,V,-ATPases but
occurred in all three lines of descent (fig. 9). Therefore,
this is not a valid criterium to distinguish V- and A-AT-

Pases. Multiplication events in the proteolipid-encoding
gene a priori are of no consequence for the function of the
enzyme. This is also corroborated by the finding that ge-
netically engineered duplicated versions of the prote-
olipid of the E. coli F,F,-ATP synthase allows growth of
E. coli on a nonfermentable carbon source [170]. The im-
portant point is the number of protonizable groups in the
subunit ¢ oligomer, as pointed out above. For certain or-
ganisms and organelles it was advantageous to reduce the
number of ion-translocating groups, thus making the en-
zyme a better ion pump; however, this had happened in-
dependently in all three lines of descent.

What could be the selective pressure for multiplication of
proteolipid-encoding genes? One has to keep in mind that
the subunits of the ATPase are present in different stoi-
chiometries (a,b,cy ,0a;y;¢), and the proteolipid (sub-
unit ¢) has by far the highest copy number in the complex.
Most of our knowledge concerning the regulation of the
synthesis of the proteolipid derived from the paradigm E.
coli. There, the proteolipid-encoding gene is part of a
polycistronic message, and enhanced synthesis of the
proteolipid is achieved by enhancement of translation
[171]. In addition, but to a lesser extent, regulation by dif-
ferential messenger RNA (mRNA) stability contributes
to differential gene expression [172]. Apparently, multi-
plication of the atpE gene and embedding the copies into
the operon is another way to increase the concentration of
subunit ¢. This strategy is apparently realized by A.
woodii, eukarya and some archaea [67, 173].

Concluding remarks

A-/F-/V-ATPases are fascinating enzymes that arose
from a common ancestor and are present in every life
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form. They are essential for life and known as the cou-
pling factors that convert the electrochemical ion gradi-
ent across the membrane to the synthesis of ATP and vice
versa. Molecular and biochemical studies revealed a
complex subunit composition of the enzymes, and recent
studies gave fantastic insights into the three-dimensional
structure of F-ATPases. These enzymes work as molecu-
lar rotational motors, the smallest found in biology. This
finding stimulates the imagination of many researchers
engaged in the production of motors on a nanometer
scale. The study of V- and A-ATPases is lagging behind,
but there is reason to hope that high-resolution structures
of these enzymes and mechanistic studies will follow
soon. These studies will build the foundation on which to
base questions adressing the role of subunits found only
in V- and A-ATPases and their relation to specific func-
tions of the enyzmes. The overall structure of the AT-
Pases as well as their catalytic properties, ion transport
and coupling mechanism have been well conserved dur-
ing evolution, and therefore results obtained from the
study of one enzyme can often be generalized. The study
of enzymes from nonstandard organisms will continue to
deepen our understanding of the structure and function
of these enzymes. The best example is probably the find-
ing of Na'-translocating ATPases that offer a different
way to approach rotor function and coupling mecha-
nisms. Due to the fascinating variability of the physiol-
ogy of archaea and their life in extreme habitats, we see
a variation in structure and function of archaeal ATPases.
Proteolipids that arose by gene duplication and triplica-
tion events have been already discovered, but perhaps we
will see higher degrees of multiplication in the future. In
the future, we also expect to find different ion specifici-
ties of A;Ao-ATPases, as already observed in F F,-AT-
Pases.
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