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Proton pumping ATPases/ATPsynthases are found in all groups of present-day organisms. The
structure of V- and F-type ATPases/ATP synthases is very conserved throughout evolution.
Sequence analysis shows that the V- and F-type ATPases evolved from the same enzyme
already present in the last common ancestor of all known extant life forms. The catalytic and
noncatalytic subunits found in the dissociable head groups of the V/F-type ATPases are
paralogous subunits, i.e., these two types of subunits evolved from a common ancestral gene.
The gene duplication giving rise to these two genes (i.e., encoding the catalytic and noncatalytic
subunits) predates the time of the last common ancestor.

Mapping of gene duplication events that occurred in the evolution of the proteolipid, the
noncatalytic and the catalytic subunits, onto the tree of life leads to a prediction for the likely
subunit structure of the encoded ATPases. A correlation between structure and function of
V/F-ATPases has been established for present-day organisms. Implications resulting from this
correlation for the bioenergetics operative in proto-eukaryotes and in the last common ancestor
are presented. The similarities of the V/F-ATPase subunits to an ATPase-like protein that was
implicated to play a role in flagellar assembly are evaluated.

Different V-ATPase isoforms have been detected in some higher eukaryotes. These data
arc analyzed with respect to the possible function of the different isoforms (tissue specific,
organelle specific) and with respect to the point in their evolution when these gene duplications
giving rise to the isoforms had occurred, i.e., how far these isoforms are distributed.
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ics; flagella assembly; endosymbiont theory.

particular the electrochemical gradient for protons,
can be used as energy-rich metabolic intermediates.

Ion gradients play a central role in the bio-
energetics of modern cells. Peter Mitchell (1976), and
many others since, have shown that ion gradients, in
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ATP synthases can utilize the proton gradients, for
example those generated by the electron transport
chains of respiration and photosynthesis, to catalyze
the synthesis of ATP from ADP and inorganic phos-
phate while allowing the “downhill” flow of protons.
In vitro and in many cases also in vivo (e.g., facultative
anaerobic bacteria) these ATP synthases can also cata-
lyze the inverse reaction, coupling the uphill flow of
protons to the hydrolysis of ATP.

These ATPases, also termed coupling factor
ATPases or F-ATPases, were shown to be homologous
to the ATPases found on many of the endomembranes
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of eukaryotic cells (Zimniak et al., 1988). The latter
have been termed vacuolar type ATPases or V-ATPases
because they were first described as enzymes energizing
the vacuolar membrane. This ATPase type is also
found in the membranes surrounding Iysosomes,
chromaffin granules, other storage vesicles, protein
sorting organelles, and in clathrin-coated vesicles. In
addition, there is a growing list of cases where V-type
ATPases were found as functioning enzymes also on
the plasma membrane in specialized cells of verte-
brates (e.g., osteoclasts, specialized cells in kidney and
bladder epithelia; see Blair ez al., 1989; Gluck and
Cadwell, 1987). In all of the cases studied the vacuolar
type ATPase functions exclusively as a proton pump-
ing ATPase, not as an ATP synthase. Its function is to
energize the respective membranes. This provides
energy for a multitude of secondary active transport
systems, and it provides a compartment with an acidic
interior. This internal acidity can be regarded as a
second messenger that acts on the activity and affinity
of enzymes and receptors. Acidic intracellular com-
partments were found throughout the eukaryotic
domain, ¢.g., acidosomes in Dictyostelium (Nolta
et al., 1991) and acidic vacuole-like vesicles in Giardia
(Lindmark, 1988; Feeley and Deyer, 1987); based on
its 16S-like rRNA the latter organism is thought to
represent one of the earliest branching lines of descent
within the eukaryotes (Sogin et al., 1989), whereas the
former belongs to a group that has been suggested to
be close to the root of the eukaryotic domain based on
5S rRNA analyses (Nanney et al., 1991).

Nucleotide and amino acid sequences of the cata-
lytic and noncatalytic subunits (subunit A and B) of
archaebacterial coupling factor ATPases are much
more similar to the eukaryotic vacuolar type ATPase
(about 50% identical amino acids) than to the homolo-
gous F-ATPase subunits (¢ andf subunits, about 25%
identity). These different degrees of similarity reflect
the evolutionary relationships of these ATPases (see
below); based on this “natural” system (i.e., based on
most recent common ancestry), one could regard the
archaebacterial ATPases as V-ATPases. However,
with respect to function and, as will be discussed
below, with respect to quarternary structure, the
archaebacterial coupling factor ATPase appears more
similar to F-type ATPases. In the following the group
comprising the eubacterial and the archaebacterial
coupling factor ATPases and the eukaryotic V-
ATPases will be denoted V/F-ATPases, however, the
term V-ATPase will be used restrictively to denote the
eukaryotic endomembrane ATPase only.
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EVOLUTION OF CATALYTIC AND
NONCATALYTIC SUBUNITS

The V-, F-, and archaebacterial ATPases are
homologs, and the gene duplication which gave rise to
the catalytic and noncatalytic subunits had already
occurred in the last common ancestor of eubacteria,
archaebacteria, and eukaryotes (Gogarten et al.,
1989a). Using this ancient gene duplication to place
the root in the tree of life (cf. Fig. 1) demonstrated that
the archaebacteria (only Sulfolobus was utilized in the
1989 study) are more closely related to the eukaryotes
than to the eubacteria, i.e., the root was placed between
eubacteria on one side and eukaryotes and archaebac-
teria on the other. Since then, sequences of other
archaebacterial and eukaryotic ATPase subunits have
been obtained (Gogarten er al., 1989b; Bernasconi
et al., 1990; Inatomi ez al., 1989; Thara and Mukohata,
1991). When these sequences had been subjected to
phylogenetic analyses, the results confirmed the above
conclusion (Gogarten et al., 1989b; Mukohata et al.,
1990; Linkkila and Gogarten, 1991). Analysis of other
duplicated genes (t-RNA™, dehydrogenases, elonga-
tion factors; see Iwabe et al., 1989) agree with the
conclusion obtained with the ATPases, namely, all
archaebacteria branch off the line leading from the
root to the eukaryotes.

The related question “Do all archaebacteria
form a monophyletic group or are some archaecbac-
teria more closely related to the ecukaryotes than
others” has still not been answered to the satisfaction
of all workers (Lake, 1991). Most researchers favor a
monophyletic grouping (e.g., Iwabe et al., 1991), but
the error margins, if analyzed at all, are comparatively
large. Furthermore, it is difficult to assess bias intro-
duced by the sequence alignment; most tree-constructing
algorithms require a global alignment of the sequen-
ces. The tree depicted in Fig. 3 uses only pairwise
sequence alignments calculated using the Needleman
and Wunsch algorithm (1970); however, dispensing
with a global alignment is correlated with a loss in
resolution.

THE EARLY EVOLUTION OF THE
PROTEOLIPID

The V/F-ATPases are multi-subunit enzymes
that in vitro can be dissociated into two parts: a water-
soluble F, or V| portion that contains the ATP binding
sites, and the F, or V, portion that is embedded in the
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Fig. 1. Schematic diagram depicting the evolution of orthologous
(subunits 1 vs. 1 or 2 vs. 2) and paralogous subunits (subunits 1 vs. 2).
The study of the evolution of proteins, nucleic acids, and organisms
is based on characters (molecular, morphological, or physiological).
Two similar characters can be classified using the following three
exclusive categories. (A) Analogy—the similarity is due to conver-
gent evolution, meaning that this character has been obtained
independently in two separate lines of descent; this can be due to
chance or to similar evolutionary pressure caused by comparable
function. (B) Orthology—the characters in the present-day organ-
isms are derived from the same character in the species that is the
most recent ancestor of both organisms under consideration. (C)
Paralogy—this category is similar to the last one in that these
characters are derived from an identical ancestral character; how-
ever, this ancestral character gave rise to two separate characters
both of which were already present in the last ancestor of the two
present-day organisms. An example of paralogous proteins is the
catalytic (A in V-ATPases, f in F-ATPases) vs. noncatalytic (B and
o, respectively) V/F-ATPase subunits. These two subunit types
evolved from the same ancestral gene by means of a gene dupli-
cation event. Subsequently the two encoded subunits accumulated
not only sequence differences but also aquired different functions.
Catalytic and noncatalytic subunits are paralogous subunits.
However, each of the three major subunits of the V/F ATPases
(proteolipid, catalytic, and noncatalytic subunits) are thought to
be orthologous, within each group; i.e., the catalytic subunits of
ATPases from different organisms are thought to be orthologous to
each other. In the case of the eukaryotic cell, the situation is com-
plicated by the uptake of endosymbionts into the cell that evolved
into the present-day mitochondria and plastids. These organelles
and the genes that they contributed to the symbiosis are clearly
eubacterial in character, whereas the cytoplasmic/nuclear com-
ponent has features that are different from the eubacteria. The
vacuolar ATPase is a distinctive marker for the evolution of the
endomembrane system of the eukaryotic cell, and as such can
contribute to our understanding of its origin and evolution. The
evolution of orthologous subunits traces the evolution of the species
(at least over the time scales considered); the evolution of paralo-
gous subunits reflects the event of the gene duplication. There are
different ways to root phylogenetic trees; however, without assum-
ing a molecular clock ticking at the same rate in the different
branches, the algorithms available to analyze molecular data only
calculate unrooted trees. A rate-independent way of rooting that is
often employed in phylogenetic analyses is the use of an outgroup,
i.e., one includes a species in the analysis that is only distantly
related to the organism under consideration; for example, when
studying mammals one could use a bird or crocodile as an out-
group. If one considers the tree of life containing all groups of living
species, obviously, there is no species available that can be used as
an outgroup. However, in the case of duplicated genes that under-
went the duplication before the last common ancestor split off into
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different lines, one can use the duplicated gene as an outgroup that
from the time of the duplication underwent a separate development.
If the subunits of type 1 are considered as markers for the organis-
mal evolution, subunits of type 2 can be used as an outgroup,
provided the gene duplication preceded the speciation. The tree
gives a schematic representation of the evolution of the catalytic and
noncatalytic V/F-ATPase subunits, if one sets A: Archaebacteria,
B: Eukaryotes, C: Eubacteria, subunit 1: catalytic subunit, 2; non-
catalytic subunit.

membrane. One scenario for the catalytic mechanism
is the following: the F/V,-portion translates a change
in chemical energy to a mechanical conformation
change; this conformational change is propagated to
the V/F, portion, where this change is used to move a
proton from one side of the membrane to the other.
One subunit involved in this proton translocation is
the proteolipid. In F-ATPases this proteolipid consists
of two membrane-spanning helices; one of these
(usually the one closer to the carboxy terminal) con-
tains an amino acid with a carboxylic acid-containing
side chain (Asp-61 in E. coli). This carboxylic acid
group is required for activity, and it is thought to
undergo protonation and deprotonation during the
catalytic cycle (Fillingame, 1990).

The proteolipid of the eukaryotic V-ATPase
consists of four membrane-spanning helices (Mandel
et al., 1988; Nelson and Nelson, 1989; Birman et al.,
1990; Hanada er al., 1991; Lai ef al., 1991). Searching
a DNA data bank revealed that the first two and the
last two membrane-spanning helices were each similar
to the F-ATPase proteolipid (Mandel et al., 1988).
Although the degree of similarity is low (many hydro-
phobic amino acids can substitute for each other with-
out leading to a loss of function), at least some of the
pairwise comparisons between the F-proteolipids and
the carboxy terminal pair and the amino terminal pair
result in significant z values (=distance in terms of
standard deviation between the alignment score cal-
culated for the actual sequences and the mean of the
alignment scores obtained for randomized sequences).
For example, the first two helices from the Avena
proteolipid (Lai ez al., 1991) give a z value of 3.2 when
compared to the proteolipid of the spinach chloro-
plast ATP synthese; the second pair of membrane-
spanning helices gives z values of 4 when compared to
the yeast mitochondrial ATP synthase proteolipid,
and 3.2 when compared to the proteolipid of the
ATPase from the thermophilic eubacterium PS3
(using the mutation matrix of Dayhoff et al., 1978,
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Fig. 2. Evolution of the proteolipids of V/F ATPases depicted as
an unrooted tree. The two amino terminal and the two carboxy
terminal membrane-spanning helices were treated as separate
entities. The duplication event giving rise to these two similar halves
is indicated. The tree was calculated using only pairwise comparison
between amino acid sequences. Optimum alignment scores were
calculated using Needleman and Wunsch’s algorithm (1970) and
Dayhoff’s mutation matrix (Dayhoff et al., 1978; positive scores are
also awarded for conservative and often occurring amino acid
exchanges). The distances between two sequences were calculated
using Feng and Doolittle’s (1987) formula; however, the alignment
scores for the randomized sequences were actually calculated (mean
of more than 10 randomizations each) instead of estimated. Topology
and branch lengths of the depicted tree represent the minimum-
length tree calculated using the algorithm of Fitch and Margoliash
(1967) as implemented by Felsenstein (1988). Trees with the same
topology (except for a minor rearrangement within the eubacterial
domain) were obtained using the neighbor-joining method as
implemented by Felsenstein (1988). The sequences used were
retrieved from GenBank or were taken from Hoppe and Sebald
(1984). For further discussion, see text.

and 50 randomizations). Only the last membrane-
spanning helix of the V-ATPase proteolipid contains
a carboxylic acid residue thought to participate in the
proton passage through the membrane (Glu 139;
Mandel et al., 1988).

For the tree depicting the evolution of the proteo-
lipid subunit (Fig. 2), the first two (amino_terminal)
and the last two (carboxy terminal) membrane-
spanning helices were treated as separate entries. As
expected for an evolution that does not involve the
repeated lateral transfer of genes, the two halves of the
V-ATPase proteolipids are more closely related to
each other than to the bacterial type proteolipids. The
gene duplication event that gave rise to the two similar
portions of the proteolipid is indicated in Fig. 2. In
accordance with the finding that the carboxy terminat
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helices of the V-ATPase proteolipid are more inti-
mately involved with proton translocation (Mandel
et al., 1988), the two amino terminal helices have
changed much faster since the duplication event
occurred. This might be reflective of the changed and
probably relaxed selection pressure acting on this por-
tion of the proteolipid. Note that in the depicted tree
the topology of the terminal branches is influenced
equally by all other entries (minimum overall lengths).
The branching orders at the periphery of one part of
the tree can be influenced by convergences occurring
in a completely different part of the tree. If a better
resolution of peripheral branches is desired, it is prefer-
able to consider only a subset of more closely related
species.

In contrast to the V/F, subunits, the proteolipid
of Sulfolobus appears to be intermediate between the
eukaryotic proteolipid and the eubacterial one. The
sequence as published by Denda e al. (1989) com-
prises three membrane-spanning helices; however, the
first one appears to constitute a signal sequence that is
absent in the assembled ATPase (Schifer ez al., 1990).
For the tree depicted in Fig. 2 the membrane-spanning
helix corresponding to this putative signal sequence
was not included; however, the same location for the
Sulfolobus proteolipid results, if all three membrane-
spanning helices are considered.

No sequence (or group of sequences) that is part
of the tree depicted in Fig. 2 can be used as an obvious
outgroup, and clearly the assumption of equal rates of
change in all branches is not justified. Searches of
GenBank (Release 69, using the algorithm of Pearson
and Lipman, 1988) suggested some candidates that
might have evolved from the same ancestral gene as
the ATPase proteolipid following an ancient gene
duplication. In particular, similarities to parts of the
yeast mitochondrial cytochrome ¢ oxidase and to a
portion of the FlaA gene of Campylobacter coli are
intriguing. (58.8% identity in a 109 bp overlap when
compared to the spinach chloroplast proteolipid;
however, this DNA encodes the carboxy terminal end
of the FlaA gene product, including the stop codon.)
These putatively paralogous genes might be useful as
an outgroup (compare Fig. 1); however, the stretches
of similarity are short and the z values for pairwise
comparison are not significant. Note that the topology
of the proteolipid tree (Fig. 2) is compatible with the
trees depicted in Figs. 3 and 4. The main difference is
that the duplication event in case of the proteolipid is
more recent; it occurred in the branch leading to the
eukaryotes after the archaebacteria separated. There-
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Fig. 3. Evolution of catalytic and noncatalytic V/F-ATPase subunits and the ATPase-like
flagellar protein. The depicted “preliminary” tree represents the minimum-length tree cal-
culated from a distance matrix. The tree is preliminary in the sense of Feng and Doolittle
(1987) in that it utilizes only pairwise comparisons. It does not require a global alignment of
all sequences. This procedure sacrifices accuracy in favor of a bias-free alignment procedure.
Distance matrix and tree calculation were performed as described for Fig. 2, except the
unitary matrix and 20 randomizations each were used to calculate the distances. The
sequence for Thermotoga maritima was kindly provided by K. H. Schleifer, Tech. Univ.
Munich, Germany, the sequences for Halobacterium were taken from Thara and Mukohata
(1991), and all other sequences were retrieved from GenBank.

fore, the size of the archaebacterial proteolipid is
identical to the eubacterial proteolipid.

ORIGIN OF THE EUKARYOTIC
ENDOMEMBRANE SYSTEM

The fact that the analyses of the ATPase sequences
result in trees of the same topology as other markers
for the nuclear/cytoplasmic compartments (e.g., Iwabe
et al., 1989; Puhler et al., 1989) suggests that the
ATPases energizing the eukaryotic endomembranes
and the endomembrane system itself evolved within
the cell that functioned as the host for the symbioses
that evolved into the present-day eukaryotes, i.e., the
endomembrane system itself is not due to another
symbiotic event similar to the ones that gave rise
to plastids and mitochondria. The evolution of V-
ATPases from the coupling factor ATPase of archae-
bacterial plasma membrane furthermore suggests that
the endomembrane system evolved from invaginations
of the plasma membrane of the cell which contributed
the bulk of the nuclear genome.

SIMILARITY OF V/F ATPase SUBUNITS TO
THE FLII GENE PRODUCT

An ATPase-like peptide has been found to be
encoded as part of the fla operon (ORF 4) of Bacillus
subtilis (Ying et al., 1991). A thermosensitive mutant
of the homologous flil gene in Salmonella typhimurium
exhibits normal usage of their flagella at the restrictive
tive temperature; only the assembly of flagella is inter-
rupted in the mutant. The two gene products from
Bacillus and Salmonella are 47% identical to each
other and about 23% identical each to the catalytic
and noncatalytic subunits of the V/F-ATPases; that
is these ATPase-like proteins have about the same
degree of similarity to these subunits as the paralogous
V/F-ATPase subunits have among themselves. All
pairwise comparisons between these flagellar ATPase-
like proteins and the V-ATPase subunits resulted in z
values greater than 6 [using the Needleman and Wunsch
(1970) comparison with the unitary comparison
matrix and 20 randomizations each]. These similarities
far exceed the ones observed between other ATPases
and ATP handling enzymes (e.g., adenylate cyclase,
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Fig. 4. Phylogenetic relations among the three kingdoms as
derived from the analysis of ATPase subunits. The bars beside the
tree schematically depict the evolution of the genes encoding the
proteolipid (light gray), ATPase-like flagellar protein (white), cata-
lytic (black), and noncatalytic subunits (dark gray). (1) The catalytic
complex consists of a single subunit encoded by a single gene. The
dark color indicates that this subunit is catalytic. (2) A gene dupli-
cation occurs, leading to two catalytic subunits. (3) One subunit
loses its catalytic activity and becomes a regulatory or noncatalytic
subunit. Another gene duplication gives rise to the ATPase-like
flagellar protein. The evolution from state 1 to 3 already had
occurred in the last common ancestor. (4) In the line leading to
the eubacteria and the endosymbionts, the noncatalytic subunit
increases in size relative to the catalytic subunit. (5) In the line
leading to archaebacteria and eukaryotes, the catalytic subunit gene
gains a large region near the amino terminal end; this region has
no homology to any of the other subunits. The proteolipid of the
ATPase in the last common ancestor, like the one of eubacteria and
archaebacteria, has a molecular weight of about 8 kDa and contains
two membrane-spanning alpha helices. This type is the one most
likely also to be present in the last common ancestor of eukaryotes
and archaebacteria. (6) During the evolution of the eukaryotes a
duplication of the gene encoding the proteolipid and fusion of the
resulting genes occurred. For discussion of the relation between
H*/ATP and subunit ratios see the text.

P-type ATPases or myosin; cf. Zimniak et al., 1988);
note that even these less related proteins are thought
to be constructed out of homologous domains (Taylor
and Green, 1989; Pederson and Carafoli, 1987).

In accordance with these observed similarities,
the flagellar ATPase-like protein joins the tree of the
ATPase subunits at the innermost branch (Fig. 3), i.e.,
the ancestral gene that gave rise to the two paralogous
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F/V ATPase subunits also gave rise to the flagellar
ATPase-like protein. Figure 3 indicates that inde-
pendent genes for all three proteins (i.e., the catalytic
and noncatalytic subunits and the flagellar ATPase-
like protein) were already present in the last common
ancestor of eubacteria, archaebacteria, and eukaryotes.
The evolution of the ATPase-like flageilar protein has
been more rapid recently than that of the V/F sub-
units. While the Bacillus and Salmonella proteins are
only 47% identical, the catalytic F-ATPase subunit
from Thermotoga maritima, a thermophilic bacterium
which represents the deepest known branch in the
eubacterial domain (Woese, 1987), is more than 65%
identical to the catalytic F-ATPase subunit of the
other cubacteria.

Based on the similarity, it is appealing to assume
that the ATPase-like flagellar protein is involved in the
generation of local proton gradients; however, the
phenotype of the thermosensitive mutants (Vogler
et al., 1991) is more compatible with the role of an
ATPase involved in export of flagella-specific proteins.

ROOTING THE TREE OF LIFE AND THE
V-ATPase NONHOMOLOGOUS REGION

If one considers the tree of life containing all
groups of living species, obviously, there is no species
available that can be used as an outgroup. However,
in case of paralogous genes that are derived from a
gene duplication that occurred before the last com-
mon ancestor split off into different lines, the para-
logous gene can be used as an outgroup, because it
underwent a separate development from the time of
the duplication (cf. Fig. 1).

In Fig. 3 one can consider the catalytic V/F-
ATPase subunits as markers for the organismal evolu-
tion; the noncatalytic subunits and the ATPase-like
flagellar protein can be employed as an outgroup. The
resulting tree depicting the organismal evolution is
given schematically in Fig. 4.

The location of the root between eubacteria on
one side and the archaebacteria and eukaryotes on the
other is further supported by the insertion of a large,
so-called nonhomologous region (Zimniak et al.,
1988) into the catalytic subunit of the archaebacterial
and eukaryotic V-ATPase (Gogarten et al., 1989a,b).
This nonhomologous region is absent in the eubac-
terial catalytic subunit and in the outgroup (i.e., in all
noncatalytic subunits and in the flagellar ATPase-like
protein). Thus the nonhomologous region can be used



Evolution of V-ATPases

as a character defining the group composed of archae-
bacteria and eukaryotes as monophyletic in the rooted
tree of life.

H*/ATP AND PROTEOLIPID/CATALYTIC
SUBUNIT RATIOS

A theory relating H*/ATP ratios to gene dupli-
cations was put forward by Cross and Taiz (1990).
Based on sequence data and comparison to the better
studied F-ATPases, it was suggested that the number
of protons pumped per ATP is equal to the number of
proteolipids divided by the number of catalytic sub-
units. In accordance with this, the H*/ATP ratio in
F-ATPases is 3-4, whereas the ratio in V-ATPases is
2H*/ATP (Bennett and Spanswick, 1984).

For a proton-pumping ATPase the change in free
energy associated with the hydrolysis of ATP (AG1p)
has to be more negative than nApug; (nis the number of
protons pumped per ATP, u;; is the transmembrane
gradient for protons); for an ATP synthase AG,yp has
to be less negative than nAy;; . The difference in energy
between AGarp and nAyy is dissipated during the
reaction. The sign of the difference determines the
direction in which the reaction proceeds (proton
pumping or ATP synthesis).

Therefore, in order to function as an effective
proton pump, a smaller H*/ATP ratio is desirable,
whereas a larger ratio would favor ATP synthesis. The
authors conclude that a proteolipid/catalytic subunit
ratio of 2 indicates the exclusive functioning as a
proton pump, whereas a proteolipid/catalytic subunit
ratio of 3—4 indicates a predominant functioning as an
ATP synthase. Present-day ATPases appear to fit this
pattern (cf. Fig. 4). If one assumes an overall similar
structure for the ancestral enzymes, the following two
conclusions can be drawn from this theorem:

1. The last common ancestor already had efficient
membrane-linked ATP synthesis. The ATPase present
in the last common ancestor at the time of the split
into the two lineages leading to eubacteria on the one
hand and archaebacteria and eukaryotes on the other
(point 3 in Fig. 4) already had catalytic and non-
catalytic subunits; the proteolipid was of the smaller
type. From this, a proteolipid/catalytic subunit ratio
and a H*/ATP ratio of 3-4 corresponding to a pre-
dominant functioning as ATP synthase can be deduced.
A correlate to this conclusion is that the last common
ancestor had to have other means to generate the
proton gradient in the first place, i.e., some electron
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transport chains were likely to be present that generated
the proton gradient that then could be used for ATP
synthesis.

2. H*-ATPases first evolved as proton pumps,
not as ATP synthases. If one extrapolates the subunit
structure even further into the past to the time when
the noncatalytic subunit had not yet evolved (points 1
and 2 in Fig. 4), a V/F, portion consisting of six
identical catalytic subunits results. The corresponding
proteolipid/catalytic subunit ratio of 2 could be inter-
preted to indicate that the ATPases evolved first as
proton-pumping ATPases that used metabolic energy
to maintain a more alkaline intracellular pH, and that
the use of ATP synthase evolved only later when other
means to generate a transmembrane proton gradient
were available. If chemo- or photosynthetic processes
were functioning at these early stages of evolution
(points 1 and 2 in Fig. 4), they did not involve the
generation of transmembrane ionic gradients whose
energy was conserved in the synthesis of ATP.

The function and distribution of the ATPase-like
flagellar protein will be of great interest with regard to
this very early evolution. The evolutionary history of
other ion-pumping V/F ATPases, including the F-type
Na™ -translocating ATPase of the eubacterium Pro-
pionigenium modestum (Laubinger and Dimroth, 1987),
the V-type ATPase of Thermus thermophilus (Tsutsumi
et al., 1991), and the V-type Na™ -translocating ATPase
of Enterococcus hirae, also eubacteria (Kakinuma and
Igarashi, 1990; Kakinuma er al., 1991), should shed
additional light on the early differentiation of these
two ATPase types.

LATERAL GENE TRANSFER BETWEEN
KINGDOMS

The V-type ATPase of Thermus thermophilus is
especially interesting since it may be an example of
lateral gene transfer from an archaebacterium to a
eubacterium. Bacteria of the genus Thermus, because
of their rRNAs and other biochemical characters (cell
wall, lipids, antibiotic resistance), are clearly classified
as eubacterial, with closest similarities to the Deino-
cocci (Woese, 1987; Hensel er al., 1986, 1989). Sur-
prisingly, these bacteria contain an ATPase that is
very similar to the eukaryotic/archaebacterial V-
ATPase (Yokoyama et al., 1990). The recently pub-
lished sequence of the A subunit of this enzyme
(Tsutsumi et al., 1991) has 50-55% identical amino
acid residues when aligned to the A subunits of the
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102 3
Halobacterium GGTAAIPGPFGSGKTVTQQSLAKFA
Methanosarcina GGTAATPGPFGSGKTVTQQSLAKWS
Sulfolobus GGTAATPGPFGSGKTVTLQSLAKWS

Archaebact. Consensus GGTAAIPGPFGSGKTVTUQSLAKwS
hkkkkkkkhhkhhkhrhkhkhkhhks
GGTAATPGPFGSGKTVTQQSLAKWS
kkk kkkk Kk Kkk%k kk%k % %

GGT-aIPGAFGCGKTVISQs1SKyS

Thermus

Eukaryotic Consensus

Saccharomyces GGTTCIPGAFGCGKTVISQSLSKYS
Neurospora GGTVAIPGAFGCGKTVISQSVSKFS
Daucus GGTCAIPGAFGCGKTVISQALSKYS

Fig. 5 Alignment of the highly conserved “phosphoanhydride
binding site” found in all catalytic subunits of V/F-ATPases as well
as many other ATP-binding proteins. In this region the archaebac-
terial character of the Thermus sequence is highlighted by the presence
of three signature residues labelled 1, 2, and 3. Residue 1 is a proline
residue in all known archaebacteria, and an alanine in eukaryotes.
Residue 2 is a serine in all archaebacteria and a cysteine in
eukaryotes. Residue 3 is a threonine in all archaebacteria and an
isoleucine in eukaryotes.

eukaryotic V-ATPase and 53-60% identical residues
when compared to the various archaebacterial sub-
units. Furthermore, when a phylogeny is constructed
using the distance matrix method as described for Fig.
3, the Thermus sequence groups with the Archaebac-
teria, branching from the line leading to the Methan-
ogens and Halophiles (Gogarten et al., unpublished;
the location of the Thermus sequence is indicated by
an arrow in Fig. 3). The unambiguous archaebacterial
character of the Thermus ATPase can easily be seen in
an alignment of the putative phosphoanhydride bind-
ing site (Fig. 5). A similar surprising localization for a
eubacterial sequence was reported by Iwabe et al.
(1989) for the malate dehydrogenase from Thermus
Sflavus. Also, for this enzyme the sequence determined
for the Thermus enzyme groups together with its
eukaryotic counterparts and not with the malate
dehydrogenases from other eubacteria. The chimeric
nature of the Thermus species secems to be a clear
case of gene transfer between an archaebacterial-like
organism and a eubacterium.

THE EVOLUTION OF V-ATPases WITHIN THE
EUKARYOTIC DOMAIN

The V-ATPases in eukaryotes that have been
studied function exclusively as proton pumps. It is not
yet known if this is true for all eukaryotes. One could
envision an early branching eukaryote, whose V-
ATPase (or rather V-ATPase ancestor) is still located
in the plasma membrane and can function as both
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proton pump and ATP synthase. ‘Alternatively, the
switch to exclusive proton pump might have occurred
already in the archaebacterium like ancestor of the
eukaryotic cell. In this case it might be possible to find
an archaebacterial group that is a close relative to this
eukaryotic ancestor and that already has performed
the switch to exlusive ATP-driven proton pump. Likely
candidates would be archaebacteria that no longer
possess a proton-pumping redox chain in their plasma
membrane and that rely exclusively on other means
for ATP synthesis.

So far in the case of fungi (Saccharomyces,
Neurospora, Candida), only one gene per genome has
been found for each subunit. Gene disruption exper-
iments that lead to a loss of V-ATPase activity in yeast
(Umemoto et al., 1990; Nelson and Nelson, 1990;
Foury, 1990} are compatible with only one functional
gene present for each subunit.

In the case of humans and in higher plants, dif-
ferent genes encoding the same subunit type have been
reported. Siidhoff ez al. (1989) reported a cDNA from
human kidney encoding the noncatalytic subunit
(subunit B). A different, partial ¢cDNA encoding
the same subunit type has been obtained from hippo-
campal mRNA (Bernasconi et al., 1990). The part of
the encoded proteins for which both sequences have
been determined is 91% identical on the amino acid
level. The two isoforms are much more similar to each
other than either is to the homologous subunit from
plants or fungi. 75-80% idential amino acid residues
are found for the comparisons between each of the
two human isoforms and the sequences from Arabid-
opsis, Neurospora, Candida, and Saccharomyces. This
suggests that the two isoforms observed in humans
evolved during the evolution of the metazoans, but
these probably tissue-specific isoforms are not a
characteristic of multicellular eukaryotes in general.

Separate genes that encode the same subunit type
(i.e., the catalytic subunit A) have been characterized
by their sequence. Using primers directed toward the
coding and the 3’ noncoding region of the Daucus
mRNA resulted in more than three different genes
being identified and partially sequenced in Daucus
(Taiz, unpublished). Using two primers directed
toward sequences conserved between the V-ATPases
resulted in the amplification of two intron-containing
DNA fragments from several plant species (Starke
et al., 1991). Currently the corresponding sequences
from 13 different plants and algal species have been
obtained. All of the sequences obtained from higher
plants and their likely green algal ancestor contain a
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surprisingly conserved intron (Starke et al., 1991;
Starke and Gogarten, unpublished). In the case of the
angiosperms (with the exception of Arabidopsis), two
fragments were obtained per species. These fragments
could be characterized by their slightly different sized
introns. Figure 6 depicts the likely evolutionary
history of these fragments as reconstructed from
their nucleotide sequences (Starke and Gogarten,
unpublished). The time point of the invasion of the
gene by this intron, and the duplication event that
gave rise to these different genes, is indicated in Fig. 6.
It is clear that the duplication had already occurred
before the evolution of the angiosperm. Whether both
genes were already present before the evolution of the
different groups of ferns, or whether separate gene
duplications occurred in the different lineages, is not
settled. Sequence comparison suggests the latter, but
the greater similarity within the different ferns might
also be due to gene conversion events acting on
the two forms in the different lineages. The sequence
comparison as well as the presence of the intron in
both genes clearly show that this particular gene
duplication is restricted to the plant kingdom; the
duplication event as well as the intron invasion
occurred after separation from the fungal and meta-
zoan lineages.

Transgenic plant cells (Daucus carota) that
express antisense mRNA constructs directed against
the catalytic subunit of the V, portion (subunit A) show
a more than 70% reduction of V-ATPase catalytic
subunit protein and of V-ATPase activity associated
with the membrane of the central vacuole; however,
V-ATPase levels and V-ATPase activity remained
unchanged or even slightly increased in membrane
fractions enriched in Golgi-derived vesicles (Fisch-
mann, Gogarten, and Taiz, submitted). These findings
are indicative of organelle-specific isoforms; however,
the isoform that is not specific for the membrane of the
central vacuole is currently only characterized by its
nonreactiveness toward the antisense constructs, one
of which was directed against the entire coding region,
and by its cross-reactivity to a monospecific poly-
valent antiserum raised against a 14 amino acid long
peptide located near the amino terminal end of the
other isoform, for which the entire sequence is known
(Zimniak et al., 1988). Southern blots of Daucus
carota genomic DNA indicate the presence of several
genes (Taiz, unpublished); however, Southern blots of
Arabidopsis genomic DNA (Ecsedy and Gogarten,
unpublished) as well as the above described PCR
amplification across intron—-exon boundaries gave no

423

Co

(100)
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0.17 Me

Su

Fig. 6. Phylogenetic tree for the partial sequence of the catalytic
subunit of the V-type ATPase. The topology of the tree was cal-
culated using Felsenstein's maximum likelihood method (Felsenstein,
1981) as implemented in PHYLIP (Felsenstein, 1988). Only the
coding regions of the sequences were used for the computation. The
relative probability for substitution of the first, second, and third
codon position (C) was set to 1:1:4. The transition/transversion
ratio (T°) was set at 3.3. The same topology was also obtained with
a variety of different parameters (e.g., C = 2:1:10 and T = 2.3).
The numbers at the branches give the length (i.e., the expected
number of substitutions) as computed by the DNAML (maximum
likelihood) program. All branches were determined to be significant
at a level of p = 0.01. The numbers in brackets at the nodes give
the percentage in which the same group of species was attached to
this node during the evolution of 100 bootstrapped samples using
parsimony analyses (as implemented in Felsenstein, 1988). The
calculated topology was obtained with both fragments, the large
and small one. The branch length given for the land plants was
calculated for the small fragment of Chenopodium rubrum, and the
same tree topology was obtained with all sequences (large and
small) from land plants as denoted by the circle. From comparison
with Fig. 3 the root of this partial tree can be inferred to be on the
branch denoted by “R.” The likely point of acquisition of the
intervening sequence interrupting the coding region is denoted
by *“i,” and the likely location of the duplication is indicated by
“d.” The abbreviations used for the species are as follows: Su =
Sulfolobus acidocaldarius, Me = Methanosarcina barkeri, Ne =
Neurospora crassa, Co = Coleochaete scutata.



424

indication for the presence of more than one isoform
in Arabidopsis. No direct information is currently
available as to how widely distributed these organelle-
specific isoforms are. A more detailed characterization
of the various isoforms will yield insights into develop-
mental and tissue-specific regulation, and into the
evolutionary process that gave rise to the highly dif-
ferentiated endomembrane system of higher eukaryotes.
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