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Inventing the dynamo machine:
the evolution of the F‑type and
V‑type ATPases
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Abstract | The rotary proton- and sodium-translocating ATPases are reversible
molecular machines present in all cellular life forms that couple ion movement
across membranes with ATP hydrolysis or synthesis. Sequence and structural
comparisons of F- and V-type ATPases have revealed homology between their
catalytic and membrane subunits, but not between the subunits of the central
stalk that connects the catalytic and membrane components. Based on this
pattern of homology, we propose that these ATPases originated from membrane
protein translocases, which, themselves, evolved from RNA translocases. We
suggest that in these ancestral translocases, the position of the central stalk was
occupied by the translocated polymer.
F-type and V‑type reversible ATPases are
membrane-associated molecular machines
that couple the transfer of protons or sodium
cations across the membrane with ATP
hydrolysis or synthesis1–8 (FIG. 1). These
enzymes represent the cornerstone of cellular bioenergetics and are ubiquitous to all
three domains of life (bacteria, archaea and
eukaryotes). The F‑type F0F1 ATPases are
found in the mitochondria and chloroplasts
of all eukaryotic cells and in most bacteria,
and have a range of structural features that
distinguish them from the V (vacuolar)type ATPases. V‑type ATPases occur in
eukaryotic cytoplasmic membranes (in
particular, vacuoles), archaea and in a small,
although important, number of bacteria.
In rooted phylogenetic trees, eukaryotic,
archaeal and bacterial V‑type ATPases
invariably cluster together, and separately,
from the F‑type ATPases9. The F‑type
ATPase is thought to be the ancestral
bacterial cation-translocating ATPase, and
conversely, the V‑type ATPase is thought to
be the ancestral archaeal form. Accordingly,
the presence of V‑type ATPases in several
bacterial lineages, and the presence of F‑type
ATPases in two species of the archaeal genus
Methanosarcina, is thought to be a consequence of the extensive horizontal transfer
of the respective genes between the two
domains10–12.
Recent structural studies have provided
new insights into conserved and distinct
features of F‑ and V‑type ATPases2,13–20. Both

types of ATPase have a mushroom-like structure that protrudes approximately 100 Å from
the membrane into the cytoplasm (FIG. 1).
In the well-characterized F‑type ATPases,
the head, called F1, is a hexamer of three
α‑ and three β-subunits (FIG. 1a; TABLE 1), and
each of the β-subunits contains an ATP- or
ADP-binding catalytic site13,21. The iontranslocating, membrane-spanning F0 sector
is a complex of the integral-membrane
a-subunit, two b-subunits and, depending
on the species, 10–15 small c-subunits17. This
component of the structure is connected to
the F1 component by both a peripheral and a
central stalk. The peripheral stalk is formed
by the protruding parts of the membraneanchored b-subunits that are connected to
the α3β3-hexamer by the δ-subunit. In the
simplest bacterial F‑type ATPases, the central
stalk is formed by an elongated γ-subunit
that connects the two parts of the enzyme
to each other and the globular ε-subunit
that performs regulatory functions13,21. The
F-type ATPase is a bona fide rotary dynamo
machine: the sequential hydrolysis of ATP
molecules by the α3β3-catalytic hexamer
drives the rotation of the central stalk
together with the ring of membrane-bound
c‑subunits5,22–25. The c‑ring (rotor) is thought
to slide along its interface with the a-subunit,
which, being rigidly bound by the peripheral
stalk to the α3β3-hexamer, forms part of the
stator. This sliding movement is coupled
to transmembrane-ion transfer and the
generation of membrane potential23,26–30.
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The enzyme can also function in the
opposite direction as an ATP synthase. In
this mode, the ion current through F0 causes
the rotation of the γ1ε1c10–15-complex relative
to the other subunits, and the catalysis of
ATP synthesis is achieved by the sequential
interaction of the rotating γ-subunit with
the three catalytic β-subunits22.
The V‑type ATPases, although sharing
a common overall scaffold with F‑type
ATPases, have different structural and functional features2,31 (FIG. 1b; TABLE 1). It remains
unclear whether V‑type ATPases have one
or two peripheral stalks15. In addition to the
large a‑subunit and the c‑subunit oligomer
(using the subunit nomenclature for yeast),
the V0 sector contains the d-subunit, which
serves as a socket for the D- and F-subunits
that constitute the central stalk of V1 (Ref. 14).
The F1F0 complex is stable in the cell, but the
V1 sector has been shown to detach reversibly from V0 when ATP hydrolysis in the cell
has to be halted (for example, during glucose
deprivation in yeast and plants or moulting
in hornworms2,31).
Thus, the F‑ and V‑type ATPases are
two distinct, although related, molecular
machines in which the action of multiple
parts is tightly coordinated to achieve
coupling between ion current and ATP
synthesis or hydrolysis. Understanding
how such machines emerged during evolution is a daunting task. It has been argued
that the F‑type ATPases emerged as a
modular enzyme that was formed by the
combination of an RNA or DNA helicase
and a proton channel32,33. In this Opinion,
we examine the conserved and unique
features of the molecular architecture and
properties of the F‑ and V‑type ATPases,
and propose an evolutionary scenario in
which their immediate ancestors were twocomponent membrane translocases that,
initially, coupled ATP hydrolysis to RNA
translocation across the membrane and,
subsequently, to protein translocation.
Structural comparison
The ATPase machinery includes protein
subunits that are conserved between the
F‑ and V‑type ATPases, as well as unrelated
subunits (FIG. 1; TABLE 1). Each of the catalytic subunits and the membrane-bound
c (proteolipid)-subunits are homologous and
highly conserved. The homology between
the δ-subunit of the F‑type ATPase, the
protruding portion of the b-subunit of the
F‑type ATPase and the E- and G-subunits of
the V‑ATPase, has been inferred from weak
sequence similarity34,35. The relationship
between the membrane parts of the stator is
www.nature.com/reviews/micro
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a more complex issue. Although there is no
significant sequence similarity between the
a-subunits of the F‑ and V‑type ATPases,
there are structural and mechanistic analogies7,36. Both types of a-subunit contain a
strictly conserved arginine residue in the
middle of the penultimate transmembrane
helix. The sequential electrostatic interaction
of this arginine with the conserved carboxylate moieties that are contained within the
rotating c‑subunits is crucial for ion transport37,38. In terms of domain organization,
the a-subunit of the V‑type ATPase, which
consists of a bundle of hydrophobic transmembrane helices and a hydrophilic amino
terminus, resembles a fusion of the F‑type
ATPase a‑subunit (five transmembrane helices) with a b‑subunit (one transmembrane
helix and a hydrophilic amino terminus).
Whether the functional and structural
similarity between the a-subunits of F‑ and
V‑type ATPases reflects a common origin
remains uncertain.
By contrast, the subunits of the central
stalk, which connects the head structure
with the membrane moiety, are not homologous or even structurally similar. This is
clear not only from a lack of significant
sequence similarity but also from the presence of distinct folds in these subunits2
(FIG. 1; TABLE 1). Specifically, the crystal
structure of the γ‑subunit of the F‑type
ATPase has revealed a distinct α/β-fold that
resembles the Rossmann fold21. Although
the structure of the functionally analogous
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Figure 1 | Structure of the F‑ and V‑type membrane ATPases. Orthologous subunits are shown
in the same colour and shape, and unrelated but functionally analogous subunits of the central stalk
are indicated by different colours and shapes. The a-subunits, which show
analogy but
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might not be homologous, are indicated by similar shapes and colours. The minimal, prokaryotic sets
of subunits of the F‑ and V‑type ATPases are shown. The number of peripheral stalks in V‑type ATPases
is uncertain2,8,15.
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hydrolysis to the transfer of RNA and/or
proteins across the membrane, with the
translocated polymer occupying the place
of the central stalk. This hypothesis is
compatible with several lines of evidence.
First, as noted previously, the catalytic
hexamers of the F‑ and V‑type ATPases are
homologous to hexameric helicases33.
More precisely, the catalytic subunits of these
ATPases belong to the P‑loop ATPases that
form a distinct family with Rho, a bacterial
RNA helicase that functions as a transcription-termination factor39. The structure of
Rho comprises a hexameric ring that is similar to that found in F‑ and V‑type ATPases
and contains two RNA-binding motifs, both
of which are directed towards the centre of
the ring structure40. The hexameric ring is
characteristic of a wide range of DNA and
RNA helicases41, and various nucleic aciddependent ATPases that function in nucleic
acid- and protein-translocation systems.
Examples of these enzymes include TrwB
and FtsK, which participate in translocating
DNA during bacterial conjugation and cell
division, respectively 42–45. Hexameric P‑loop
ATPases of the PilT superfamily operate in
a broad range of processes, including RNA
packaging and transcript extrusion in doublestranded (ds) RNA bacteriophages46–48,
bacterial-transport processes such as secretion and DNA uptake, and bacterial pili
retraction and motility49,50. Notably, the RNApackaging ATPases possess helicase activity
that is involved in the unwinding of the
RNA molecule during packaging and extrusion48,51. The rotational movement of several
helicases during DNA or RNA unwinding
has been demonstrated52–54. Second, there
is a homologous relationship between the
F‑ and V‑type ATPases and those subunits
of the bacterial flagellar motors and type III
secretion systems (T3SSs) that are responsible for the ATP-driven export of flagellin
(in the case of flagellar motors) or secreted
proteins (in T3SSs) by these machines.
This relationship can be traced through the
catalytic subunits55 and the subunits of the
peripheral stalk of F‑ and V‑type ATPases35
(TABLE 1). It has been proposed that flagellar
and T3SS motors evolved by the recruitment
of the entire membrane-F/V‑type ATPase
for the function of transport35,56,57. However,
in these transport systems, the absence of a
counterpart to the central stalk of the F‑ and
V‑type ATPases suggests that the recruited
entity might have been a protein translocase
rather than a rotary F/V‑type ATPase; it is
plausible that in flagellar and T3SS machines,
the position of the central stalk is occupied
by the translocated polypeptide chain.
volume 5 | november 2007 | 893

© 2007 Nature Publishing Group

Perspectives
Table 1 | Homologous and non-homologous components of the F- and V-type ATPases and related molecular complexes

F-type
ATPase
(Escherichia
coli)

V-type ATPase
Prokaryotes
(Enterococcus
hirae)

V-type ATPase
Eukaryotes
(Saccharomyces
cerevisiae)

Flagellum Type III
Comments
(E. coli)
secretion system
(Yersinia pestis)

fliI gene

yscN gene

The two catalytic subunits are paralogues of known
structure19, 21 and both belong to the RecA family of
P-loop NTPases. These subunits show the highest level
of conservation between F- and V-type ATPases.

The non-homologous relationship of these subunits
was determined by the difference in their structural
folds: the γ-subunit of the F-ATPase has a distinct
α/β-fold21 whereas, for the functionally analogous
D-subunit of the V-ATPase, an all-α fold is predicted
using the Jpred program92 or the PHD program93.

Catalytic hexamer ring (stator)
α-subunit;
atpA gene

B-subunit;
ntpB gene

B-subunit;
VMA2 gene

B-subunit;
atpD gene

A-subunit;
ntpA gene

A-subunit;
VMA1 gene

Central stalk (rotor)
γ-subunit;
atpG gene

–

–

–

–

–

D-subunit;
ntpD gene

D-subunit;
VMA8 gene

–

–

ε-subunit;
atpC gene

–

–

–

–

-

G-subunit;
ntpG gene

F-subunit;
VMA7 gene

–

–

The crystal structure of the ε-subunit comprises a
predominantly β-sheet domain with two α-helices21,
whereas the structure of the V-ATPase F-subunit
shows a distinct α- and β-fold that resembles the
CheY regulator protein16.

Membrane part of the rotor
c-subunit;
atpE gene

K-subunit;
ntpK gene

c-, c′- and c′′subunits; VMA3,
VMA11 and
VMA16 genes

–

–

Oligomeric proteins with a repetitive well-conserved
membrane-hairpin motif 17, 18.

-

C-subunit;
ntpC gene

d-subunit;
VMA6 gene

–

–

Peripheral membrane protein of known structure14
that is unique to V-ATPases.
Coiled-coil proteins that comprise the extended
stalk; the structure of the amino-terminal domain
of δ-subunit has been solved20. Specific sequence
similarity beyond the common structure is readily
detectable between the subunits of V-ATPase and b
and δ subunits of the F-type ATPase30.

Peripheral stalk (stator)
b-subunit;
atpF gene

E- or F-subunit;
ntpE or ntpF
genes

E- and G-subunits;
VMA4 and VMA10
genes

fliH gene

yscL gene

δ-subunit;
atpH gene

–

–

–

–

a-subunit;
atpB gene

–

–

–

–

–

I-subunit;
ntpI gene

a-subunit;
–
VPH and STV1 genes

–

Despite the analogies in the membrane topology
of these subunits in the F- and V-type ATPases and
the similar position of their functional residues,
their homology is not demonstrable by sequence
comparison.

Conserved (orthologous) proteins are shown in the same row of the table; unrelated (functionally analogous) proteins are shown in adjacent rows. A dash indicates the
absence of the respective subunit.

Based on these considerations, we propose the following scenario to explain the
origin of the F‑ and V‑type ATPases (FIG. 2).
The combination of an RNA helicase (or
a packaging ATPase) with an α‑helical,
passive membrane transporter did not
immediately lead to the formation of an
ion-translocating ATPase as was proposed
previously33. Instead, an ATP-driven
membrane RNA translocase was created
as an intermediate step. This translocase
could have operated by direct docking of
the ATPase hexamer to the transmembrane
channel. Indeed, the structural organization of nucleic acid translocation devices
(such as the Trw complex) closely resembles that of a proton-translocating ATPase
in which the stalk has been removed and,
as a result, the hexameric ATPase interacts

directly with the membrane channel.
Interestingly, recent research has shown
that the assembly of the ATPase hexamer
is stimulated by DNA43,58.
The next step in this proposed scenario
was the evolution of a protein translocase
from the RNA translocase. At this stage,
the membrane-bound peripheral stalk
(or stalks) could have been recruited, facilitating docking and providing elastic connections between the catalytic hexamer and
the membrane portion of the translocase
(FIG. 2). In the primitive cell, the two parts
of the translocase could have existed separately until translocation was required; a
feature that has been retained by eukaryotic
V‑type ATPases2,31. The evolution of an iontranslocating ATPase from the hypothetical
protein translocase could have resulted from
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a number of amino-acid replacements that
increased the hydrophobicity of the inner
space of the proteolipid (c) ring. These
mutations would have impeded protein
translocation, thus increasing the likelihood
of a transported protein becoming trapped
in the translocase (see the green panel in
FIG. 2). With the protein translocation
blocked the torque from ATP hydrolysis
would, owing to the trapped protein, have
caused the rotation of the entire central
oligomer relative to the membrane stator
component. This rotation could have been
coupled to ion translocation across the
membrane by the membrane-embedded,
charged amino-acid side chains that initially
kept together, via salt bridges, the membrane subunits of the stator (FIG. 2). Given
the energetic usefulness of an ion gradient,
www.nature.com/reviews/micro
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Figure 2 | Proposed evolution of the F‑ and V‑type membrane ATPases. Hypothetical, ancestral semi-permeable membranes are shown by empty
circles and light curved lines, and modern-type, ion-tight membranes are shown by filled circles and dense curved lines. The presence of two peripheral
Nature Reviews
Microbiology
stalks in the primordial protein translocase and the flagellar motor and type III secretion systems (T3SSs) is based on the assumption
that a |translocation
system with only one peripheral stalk would be unstable in the absence of the translocated substrate. The involvement of two FliH subunits in each
peripheral stalk is based on the ability of FliH dimers to form a complex with one FliI subunit87,88. The light-green panel in the centre shows the
three consecutive evolutionary intermediates (a–c), each of which is considered to be the common ancestor of the F‑ and V‑type ATPases in the three
alternative evolutionary scenarios described in the main text. The purple tubes denote the translocated, partially unfolded proteins. The red tube
denotes a translocated protein that is trapped in the channel of the membrane translocase. The names of subunits are indicated only for the flagellar
motor and T3SS machines.
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from many possible rotation modes, those
were selected that enabled the storage of
the energy of ATP hydrolysis in the form
of a transmembrane ion gradient of the
proper sign (FIG. 2b). The transition from a
protein translocase to an ATP-driven ion
translocase could have been completed
owing to the permanent recruitment of central-stalk subunits by the incorporation of
the respective genes in the ATPase operon
(or operons).
The nature of the common ancestor
of the F‑ and V‑type ATPases remains
ambiguous (FIG. 2). One possibility is that
the common ancestor was a protein translocase (FIG. 2a). In this scenario, the central
stalk is recruited independently by the
protein translocase in both the bacterial
and archaeal lineages, giving rise to the
F‑ and V‑type ATPases, respectively; however, the transition from a protein translocase to an ion-translocating ATPase would
also have had to occur independently.
Another possibility is that the transition
from protein translocase to ion-translocating ATPase had already occurred in the
common ancestor of archaea and bacteria
(FIG. 2c), but the central-stalk protein (for
which the structural requirements are flexible) was displaced by an unrelated protein
in one of the lineages. A hybrid scenario
that appears to be most parsimonious postulates that an ion-translocating ATPase
that contained a trapped translocated
protein in the role of the central stalk was
an evolutionary intermediate between the
protein translocase and a bona fide membrane ATPase, and is the common ancestor of both F‑ and V‑type ATPases (FIG. 2b).
In this scenario, the role of the central
stalk in the common ancestor was performed by different proteins at different
times, until permanent and distinct stalk
components evolved in both archaea and
bacteria by the independent incorporation
of the genes that are now present in the F‑
and V‑type ATPase operons, respectively.
This scenario does not require ad hoc
hypotheses on the independent evolution
of ion-translocating machines in both the
archaeal and bacterial lineages, or on the
displacement of the central stalk in one of
the lineages.The three evolutionary scenarios that are outlined above involve the
same successive stages for the evolution of
the membrane rotary machine (FIG. 2 a–c).
The single notable difference occurs in the
stage at which the evolutionary trajectories
of F‑ and V‑type ATPases diverge.
The proposed evolutionary relationship between RNA helicases, protein

translocases and F‑ and V‑type ATPases
seems to be compatible with the
topology of the phylogenetic tree of
the RecA superfamily of P‑loop ATPases
(FIG. 3). The phylogenetic analysis of
diverse, ancient protein families is prone
to long-branch attraction and other
artefacts, and should be interpreted with
caution59,60; nevertheless, this particular
tree topology is strongly supported by
bootstrap replications (FIG. 3).
Although the RecA sequences are significantly less similar to those of the Rho
helicase, T3SS ATPases and the F‑/V‑type
ATPases than the sequences from those
three groups are to each other (data not
shown), this alone does not allow an
inference of the root of the tree owing to
the possibility of major differences in evolutionary rates between different protein
families. However, considering this hierarchy of sequence similarity, together with
the fact that RecA forms a helicase-like
hexameric ring61 and that hexameric helicases are common to a broad assemblage
of P‑loop ATPases to which the RecA
superfamily belongs62, we believe that the
root position between RecA and the rest of
the superfamily is most likely. By assuming this root position, the Rho helicase
branches off first, followed by the catalytic
subunits of flagellar and T3SS complexes,
and finally, the catalytic subunits of F‑ and
V‑type ATPases (FIG. 3). Notably, in contrast to the duplicated catalytic subunits
that are present in membrane-bound
ATPases, the protein translocases contain
only one catalytic ATPase subunit, an
observation which is also compatible with
the hypothesis that protein translocases
preceded the F‑ and V‑type ATPases. These
considerations, along with the fact that
hexameric helicases are the simplest rotational devices that are known in biology,
support the succession of stages that are
illustrated in FIG. 2. The initial emergence
of an RNA translocase from an RNA helicase seems plausible given that hexameric
RNA helicases must have been abundant
in the primordial RNA–protein world and
would have had random opportunities to
adhere to primitive transmembrane
channels.
A potential complication with the scenario outlined in FIG. 2 is that the distribution
of flagellar motors and T3SSs in nature is
limited to a taxonomically scattered set of
bacteria, which is in marked contrast to the
universal Sec system of protein translocation63. This could imply a late origin of
the flagellar motors and T3SS machinery.
(FIG. 2)
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However, these systems operate on different principles to the Sec systems. The
Sec machinery interacts with the signalrecognition particle (SRP), translocates
proteins both co-translationally and posttranslationally and requires an unfolded
substrate63. By contrast, secretion using flagellar motors and T3SS is SRP-independent,
mediates mostly post-translational translocation and seems to accommodate partially
folded proteins64,65. Therefore, it makes
sense to propose that both types of secretion systems are descendants of primordial
protein-translocation machines (discussed
below). A striking analogy in the evolution
of these systems is that both seem to have
recruited RNA helicases that couple ATP
hydrolysis with protein translocation.
SecA, the universal coupling ATPase of
bacterial Sec systems, is a homologue
of superfamily 2 helicases66,67.
One obvious question from the scenario
discussed above is: why are the RNA
translocases, which are proposed to be an
essential intermediate step in the evolution
of F‑ and V‑type ATPases, not detected at all
in modern life forms? The plausible answer
is twofold. First, RNA translocases would
be, inevitably, ion-leaky structures that
would become a liability to cells following
the emergence of ion-translocation-driven
bioenergetics. Second, RNA translocases
could have had important functions in the
primordial RNA world, but their usefulness
would decrease after the transition to the
modern, DNA-based genetic system.
Origin of membranes and cells
The notion that the common ancestor of
the F‑ and V‑type ATPases had a different
function, such as nucleic acid or protein
translocation, is consistent with the differences in membrane biogenesis68,69 and DNAreplication systems70–72 between archaea and
bacteria. Archaeal phospholipids are chemically distinct from those that are present in
bacterial and eukaryotic membranes; the
glycerine moieties possess opposite chiralities, and the corresponding biosynthetic
enzymes are either unrelated or are, at least,
not orthologous68,69. The core proteins of the
DNA-replication systems — most notably,
the elongating DNA polymerases and primases — are non-homologous in archaea and
bacteria. These observations led to radical
proposals on the nature of the Last Universal
Common Ancestor (LUCA), namely, that it
had neither membrane organization68 nor
DNA replication72 and, accordingly, was not
a typical cell73. Furthermore, the origin of the
cellular membrane itself seems to involve a
www.nature.com/reviews/micro
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catch‑22: for a membrane to function in a cell,
it must be endowed with at least a minimal
repertoire of transport systems but it is
unclear how such systems could evolve in the
absence of a membrane.
However, the model of a non-membranebound LUCA faces substantial difficulties.
The principal issue is the ubiquitous conservation of several membrane proteins and
complex, membrane-associated molecular
machines, such as the SRP, core proteins of
the Sec system and F‑ and V‑type ATPases
themselves73,74. The primitive function of
an RNA and protein translocase, proposed
above for an ancestor of the F‑ and V‑type
ATPases, could represent a potential solution
to the primordial-membrane conundrum.
The modern ion-impermeable membranes
might have been preceded by primordial,
ion-permeable proto-membranes that
had the capacity to sequester RNA and
proteins75, and consisted of, for example,
polyprenyl phosphates76,77. These structures
would have had the potential to host
the first membrane enzymes — initially,
translocases of macromolecules, and subsequently, ion-translocating ATPases or ATP
synthases and small molecule transporters.
It has been extensively argued that pervasive horizontal gene exchange between
primordial genetic systems was both
an intrinsic feature of early, pre-cellular
evolution and a necessary requirement
for the evolution of increasingly complex
entities73,78,79. For this to occur in conjunction with the evolution of biological
membranes, nucleic acid translocation
devices would seem to be an essential
prerequisite. These first nucleic acid translocases mediated the import and export of
RNA molecules in virus-like entities that
contained several RNA segments, a primitive membrane and, possibly, a capsid-like
structure80. Conceptually, at least, such
primitive translocases could have been
analogous to the hexameric P4 ATPase that
is detected in modern, lipid-containing
dsRNA bacteriophages51,81. This scenario
for the origin of the F‑ and V‑type ATPases
describes a succession of events, from a soluble helicase and a membrane channel, to
RNA and protein translocases and, finally,
to the ion-translocating ATPases (FIG. 2).
However, the divergence of these scenarios
at the penultimate stage, leading to several
alternatives with respect to the nature
of the common ancestor of the F‑ and
V‑type ATPases, has substantially different
implications for the status of membranes
in the LUCA. A protein translocase as a
common ancestor (FIG. 2a) implies primitive,

RECA (1XP8) Deinococcus radiodurans
DNA-repair and recombination
RECA (1U94) Escherichia coli
proteins, ATPases
RAD51 (1SZP) Saccharomyces cerevisiae
RecA, Rad51 and RadA
RADA (2BKE) Sulfolobus solfataricus
RHO Helicobacter pylori
92
RHO Treponema pallidum
ATP-dependent helicases,
RHO Aquifex aeolicus
RHO Escherichia coli
transcription-termination factor Rho
RHO Bacillus subtilis
RHO Thermotoga maritima
SPAL Salmonella typhimurium
SSAN Salmonella typhimurium
Type III secretion system ATPases
98
HRCN Pseudomonas syringae
YscN
Y4YI Rhizobium spp.
HRPB6
Xanthomonas
campestris
93
FLII Aquifex aeolicus
FLII Helicobacter pylori
89
Flagellum-specific ATP synthases
FLII Escherichia coli
FliI
FLII Caulobacter vibrioides
FLII Bacillus subtilis
FLII Sinorhizobium meliloti
VATA Arabidopsis thaliana
VATA Caenorhabditis elegans
100
VATA1 Homo sapiens
VATA Deinococcus radiodurans
V-type ATPase subunit A
VATA Aeropyrum pernix
NtpA or Vma1
VATA Sulfolobus solfataricus
VATA Haloferax volcanii
VATA Methanosarcina acetivorans
VATA Methanothermobacter thermautotrophicus
VATA Archaeoglobus fulgidus
91
ATPB Aquifex aeolicus
72
ATPB Thermotoga maritima
ATPB Caulobacter vibrioides
ATPB Escherichia coli
ATPB Pseudomonas aeruginosa
ATPBO Arabidopsis thaliana
F-type ATPase subunit b
ATPB Homo sapiens
AtpD or Atp2p
ATPB Caenorhabditis elegans
100 ATPB Saccharomyces cerevisiae
ATPB Prochlorococcus marinus
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Figure 3 | Phylogenetic tree of the catalytic subunits of the F‑ and V‑type ATPases and related
Nature
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P‑loop ATPases. The protein sequences were retrieved from GenBank
(for Reviews
the RecA
family, four
sequences that had an available crystal structure were selected) and aligned using the MUSCLE program89. The alignment of conserved blocks that contained 193 phylogenetically informative positions
was used for maximum-likelihood unrooted-tree reconstruction, which was performed using the
MOLPHY programme, and the same programme was used to compute the RELL bootstrap probabilities90,91. The root position was forced between the RecA family and the other branches. Each terminal
node of the tree is labelled with the SwissProt gene code and the species name. The Protein Data Bank
code is indicated in parentheses for four proteins of the RecA family. For selected major branches, the
RELL bootstrap probabilities are also shown. The alignment that was used for the construction of this
tree is available in Supplementary information S1 (figure).

nature reviews | microbiology

volume 5 | november 2007 | 897
© 2007 Nature Publishing Group

Perspectives
ion-leaky membranes in LUCA. By contrast, if the common ancestor of the F‑ and
V‑ATPases was an ion translocase (FIG. 2b,c),
a more conventional, cell-like LUCA with
ion-impermeable membranes would be
implied. Although such a cell-like LUCA
is arguably the most efficient explanation
for the existence of ubiquitous, membraneassociated structures82, a major difficulty
that is faced by this model is the necessity
to explain the non-orthologous displacement83 of a considerable number of key
enzymes as well as the membrane lipids69.
Conclusions
In this Opinion, data on the distribution of
homologous and non-homologous subunits in
the structures of F‑ and V‑type ATPases have
been used to develop an evolutionary scenario
for the origin of the rotary cation-translocating
ATPases, beginning with an RNA helicase
and a membrane channel, and proceeding
through the intermediate stages of RNA and
protein translocases. A notable feature of
this scenario is the recruitment of a protein
substrate (the translocated protein) as a new,
functional enzyme subunit. To our knowledge,
the recruitment of a protein substrate as a new
subunit of an enzyme has not been considered
as a mechanism of enzyme evolution.
Testing models of the early stages of
evolution is always a difficult task, and the
current model for the origin of membraneion-translocating ATPases is no exception.
Nevertheless, relevant experiments are conceivable, at least in principle. Experiments
that would provide evidence for the
proposed model include the successful
construction of a protein translocase from a
membrane ATPase by removing the central
stalk and mutating the proteolipid subunit.
In addition, experiments that construct an
ion-translocating ATPase from a helicase, a
membrane channel and additional proteins
to form the peripheral and central stalks
would be informative. Further insights into
the evolution of ion-translocating ATPases
could be derived from the detailed analysis
of their assembly mechanisms. It has been
shown that the catalytic subunits of the
Escherichia coli F‑type ATPase bind to the
peripheral stalk only after the hexamer is
formed84, and that during the assembly of
the enzyme in yeast cells the formation
of a complex between the catalytic hexamer,
peripheral stalk and membrane subunits
does not require the subunits of the central
stalk85,86. Thus, the molecular details of
how the subunits of the central stalk are
incorporated into the ATPase complex could
shed light on the evolution of these enzymes.

Finally, the discovery of viruses that use
homologues of F‑ and V‑type ATPases for
RNA or DNA translocation would provide
additional evidence to support the proposed
model for F- and V‑type ATPase evolution.
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