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Abstract—Ion-translocating ATPases and ATP synthases (F-, V-, A-type ATPases, and several P-type ATPases and ABC-
transporters) catalyze ATP hydrolysis or ATP synthesis coupled with the ion transport across the membrane. F-, V-, and A-
ATPases are protein nanomachines that combine transmembrane transport of protons or sodium ions with ATP synthe-
sis/hydrolysis by means of a rotary mechanism. These enzymes are composed of two multisubunit subcomplexes that rotate
relative to each other during catalysis. Rotary ATPases phosphorylate/dephosphorylate nucleotides directly, without the
generation of phosphorylated protein intermediates. F-type ATPases are found in chloroplasts, mitochondria, most eubac-
teria, and in few archaea. V-type ATPases are eukaryotic enzymes present in a variety of cellular membranes, including the
plasma membrane, vacuoles, late endosomes, and frans-Golgi cisternae. A-type ATPases are found in archaea and some
eubacteria. F- and A-ATPases have two main functions: ATP synthesis powered by the proton motive force (pmf) or, in some
prokaryotes, sodium-motive force (smf) and generation of the pmf or smf at the expense of ATP hydrolysis. In prokaryotes,
both functions may be vitally important, depending on the environment and the presence of other enzymes capable of pmf
or smf generation. In eukaryotes, the primary and the most crucial function of F-ATPases is ATP synthesis. Eukaryotic V-
ATPases function exclusively as ATP-dependent proton pumps that generate pmf necessary for the transmembrane trans-
port of ions and metabolites and are vitally important for pH regulation. This review describes the diversity of rotary ion-
translocating ATPases from different organisms and compares the structural, functional, and regulatory features of these

enzymes.
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INTRODUCTION

ATP is one of the most important mobile carriers of
metabolically available energy in a living cell. Many
enzymes couple the exergonic reaction of ATP hydroly-
sis with vital energy-dependent biochemical processes.
ATP hydrolysis also powers the transmembrane transport
of ions and low-molecular-weight substances and pro-
vides energy for performing mechanical work (muscle
fibers contraction, cilia beating, separation of chromo-
somes during division, etc.). The ATP/ADP ratio in the
cell affects the intracellular concentrations of other
nucleotides. Nucleoside diphosphate kinases catalyze
the reaction of y-phosphate transfer from ATP to GDP,
CDP, TDP, and UDP. The resulting nucleoside triphos-
phates provide energy for the synthesis of proteins,
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nucleic acids, lipids, and some other anabolic biochemi-
cal reactions.

Rotary ion-translocating ATPases/ATP synthases
are a large group of enzymes that includes both ATP
“suppliers” and “consumers”. In some cases, the same
enzyme can perform both functions, depending on phys-
iological conditions. Moreover, in vitro ATP synthesis can
be catalyzed even by an enzyme that does not perform
this reaction in vivo. In this review, the terms ATPase and
ATP synthase are used as synonyms, but the latter is used
only for the enzymes that synthesize ATP in vivo.

Rotary ion-translocating ATPases are subdivided
into three families: F-, V- and A-type enzymes. F-type
enzymes were the first rotary ATPases discovered. They
have been extensively studied since the middle of the
twentieth century, and today, they are the most well-
described family. F-type ATPases are found in mitochon-
dria, chloroplasts, most eubacteria, and some archaea
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(together with A-ATPases). The letter “F” stands for
“factor”, as it was suggested in the first papers on the
mitochondrial oxidative phosphorylation to indicate pro-
tein factors necessary for the ATP synthesis during respi-
ration.

V-ATPases have been discovered much later, in the
1980s, in the vacuoles of eukaryotic cells (hence the letter
“V”); the history of this discovery is described in detail in
[1]. At about the same time, it was found that ion-translo-
cating ATPases of archaea and of some eubacteria are dif-
ferent from the F-type enzymes and resemble
eukaryotic V-ATPases. For this reason, these enzymes are
often called V-ATPases, especially those found in eubac-
teria (e.g., Enterococcus hirae or Thermus thermophilus).
However, there are significant differences between
eukaryotic V-ATPases and prokaryotic enzymes (see
below), and in the early 1990s, it was proposed to classify
rotary ion-translocating ATPases of archaea as a separate
group of A-ATPases [2]. At present, the classification that
assigns all prokaryotic enzymes of this type to the A-
ATPase family is accepted by several research groups [3-
6]. We find this classification convenient; it avoids unnec-
essary confusion, and in this review, we use the term “V-
ATPases” for eukaryotic enzymes only.

Rotary ion-translocating ATPases have a common
evolutionary origin [7] and share a similar structure and
catalytic mechanism. This suggests that enzymes of this
type had already been present in a common ancestor of
bacteria, archaea, and eukaryotes [8]. Rotary ATPases
and ATP synthases interconvert the two main biological
“energy currencies”, ATP and the transmembrane differ-
ence of the electrochemical ion potential (Agy+ or, in the
case of some prokaryotes, Afin,*), and play a key role in
the membrane energization and regulation of intracellu-
lar nucleotide concentrations.

COMMON STRUCTURAL AND FUNCTIONAL
FEATURES OF ROTARY ATPases

Subunit composition of rotary ATPases. All rotary
ATPases have a similar overall structure and subunit
organization. They consist of two subcomplexes:
hydrophilic F,/V,/A,, which binds nucleotides and phos-
phate and catalyzes ATP synthesis and/or hydrolysis, and
hydrophobic F;/Vy/Aq located in the membrane and
responsible for ion transport. These two parts are con-
nected by a central stalk and by 1 to 3 peripheral
stalks [9].

All rotary ATPases share a set of similar key subunits
involved in ATP synthesis/hydrolysis and transmembrane
ion transfer. The main functional components of the F,
subcomplex are the as;fB; hexamer that contains the
nucleotide-binding sites and the elongated subunit v,
which occupies the central cavity of the hexamer.
Subunit y together with subunit € (6 in the mitochondrial
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F,) constitute the central stalk of the enzyme. The vye
complex is attached to the ring of the ¢ subunits. The
translocation of ions occurs at the interface of the c¢-ring
and the hydrophobic a subunit immersed into the mem-
brane. This process is accompanied by the rotation of the
c,ye complex (rotor) relative to the stator part of the
enzyme consisting of the a subunit, the o;p; hexamer,
and the peripheral stalk. The rotation of subunit y inside
the o;B; hexamer is coupled to the conformational
changes in the catalytic sites that result in ATP synthesis/
hydrolysis.

Homologs of the above-described subunits are found
in all known F-ATPases (Fig. 1). The subunit composi-
tion of the chloroplast enzyme does not differ significant-
ly from that of the bacterial FoF, [14]. The central stalk of
the mitochondrial ATP synthase contains an additional
small subunit, called & (not related to the bacterial or
chloroplast €). The peripheral stalk of the mitochondrial
enzyme does not have much in common with that of bac-
terial/chloroplast FyF,: it consists of nine or more types
of subunits that vary in organisms from different taxo-
nomic groups (see the Table) [11, 15, 16]. Some of the
peripheral stalk subunits are involved in the dimerization
of the mitochondrial enzyme. Dimerization is apparently
a distinctive feature of all mitochondrial F-ATPases. It
has been described for enzymes from yeast [17, 18], algae
[15, 16], higher plants [19], and, finally, vertebrates [20].
Two FyF, molecules contact via the membrane regions of
the peripheral stalks and form a V-shaped dimer that
bends the inner mitochondrial membrane. The dimers
are arranged in extended rows [21] located at the rims of
mitochondria cristae and are essential for the cristae for-
mation [22, 23]. A more detailed comparison of the struc-
tures of F-ATPases from different organisms and
organelles can be found in the recent review [5].

A- and V-type ATPases have several structural fea-
tures that are absent in F-ATPases. Prokaryotic A-
ATPases have two peripheral stalks [12], and eukaryotic V-
ATPases have three [13]. Each stalk consists of two sub-
units, E and G, possibly homologous to the 6 and b sub-
units, respectively, of the peripheral stalk of
bacterial/chloroplast F-ATPases [7, 24]. The central stalk
of A- and V-ATPases includes additional specific subunits
involved in the attachment of D subunit, a functional ana-
log of the F-ATPase y subunit, to the c-ring. V-ATPases
contain heterooligomeric c-ring that consists of several
copies of the ¢ subunit, one ¢’' subunit homologous to c,
and, in the yeast enzyme, also a copy of the ¢’ subunit
[13, 25]. The a subunit in V-ATPases (and its homolog /in
A-ATPases) has a hydrophilic collar-shaped domain that
is absent in F-ATPases. This domain protrudes from the
membrane and is involved in the binding of two peripher-
al stalks. The third peripheral stalk in V-ATPases is
attached to the a subunit via a separate C subunit, which
is absent in the A-type enzymes [13]. It seems probable
that eukaryotic V-ATPases have evolved from an ancient
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Fig. 1. Comparison of structures of rotary ATPases: F-ATPase of thermophilic bacterium Bacillus sp. PS3 (PDB 6N2Y [10]), F-ATPase of
porcine (Sus scrofa) mitochondria (PDB 6J51 [11]), A-ATPase of thermophilic bacterium Thermus thermophilus (PDB 6ROW [12]), and rat
(Rattus norvegicus) V-ATPase (PDB 6VQ9, 6VQC, and 6VQI [13]). Subunits with proposed structural and/or function homology are shown
with the same color. The rotor subunits are outlined with a black thick line; the dotted line shows a part of the rotor hidden behind the sta-
tor subunits. (Color versions of Figs. 1, 2, 4, and 5 are available in the online version of this article and can be accessed at:

https://www.springer.com/journal/10541)

archaeal A-ATPase. The similarity of structural features,
subunit composition, and amino acid sequences
between V-type and A-type enzymes supports this hypoth-
esis. The structure of A- and V-ATPases has been charac-
terized in detail in several reviews (see [26-28]). A com-
plete list of rotary ATPases subunits is given in the table
below. It should be noted once again that, despite the
structural differences described above, all rotary ATPases
share the same set of subunits directly involved in the sub-
strate binding and in ion transport. This indicates that the
catalytic mechanism of these enzymes is highly conserved
and likely has a common evolutionary origin.

BIOCHEMISTRY (Moscow) Vol. 85 Nos. 12-13 2020

THE CATALYTIC MECHANISM OF F/A,/V,

In the hydrophilic F;-subcomplex, the o and 3 sub-
units (B and A in A;- and V,-subcomplexes) alternate with
each other, and the nucleotide-binding sites are located on
the interfaces of the off pairs. All rotary ATPases have
three catalytic sites formed mostly by the residues of the 3
subunits in F-ATPases [29] and the A subunits in V- and
A-ATPases [13, 30] and have an extremely conserved
structure [31]. Catalysis also involves a conserved arginine
residue (“arginine finger”), which belongs to the o sub-
unit in F-ATPases and to the B subunit in A- and V-
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Subunit composition of rotary ATPases. Alternative names are given in brackets

FoF,
VoV, S. VoV, ApA, Comments
cerevisiae | Mammalia E. coli | S. cere-| B.taurus | E. gracilis| Chloro-
visiae phyceae
Hexamer
A A B B carries nucleotide-binding site
B B B o a a o a carries nucleotide-binding site
- - - - - - pl8 - participates in F, assembly
Central stalk
D! D! D! v Y ¥ v Y rotates inside the catalytic hexamer,
transmits the torque between the mem-
brane and hydrophilic subcomplexes.
In chloroplasts, F-ATPase, participates
in the activity regulation
F!? F'? F'? - - - - - coupling
- - - € ) ) ) o coupling; in chloroplasts and some
bacteria participates in the activity reg-
ulation
- - - - € € € € structural component of the rotor
d d d (C) - - - - - structural component of the rotor
Voalp ATP6AP2 - - - - - - important for cell signaling
(PRR)
Bigl ATP6AP1 - - - - - - important for cell signaling
(Ac45)
Membrane complexes F,/A/V, and peripheral stalk subunits
c/c’/c” c/c” c(K, L) c c c c c participates in transmembrane proton
(Vmal6p) transport
A a 1 a a a a a forms two ion-permeable aqueous
half-channels in the membrane;
in A- and V-ATPases, the hydrophilic
domain of this subunit provides attach-
ment of peripheral stalks
- - - - 8 A6L A6L - membrane subunit, stabilizes Fg,
- - - - e e - - membrane subunits, participate in
(Tim11) dimerization
- - - - 1 k IS -
- - - - k DAPIT - -
- - - - i() 6.8PL i(G) - membrane subunit, participates in Fg,
assembly
- - - - - - - Asa3 partially or completely immersed in
the membrane
- - - - - - - Asa5
- - - - - - - Asab

BIOCHEMISTRY (Moscow) Vol. 85 Nos. 12-13 2020
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Table (Contd.)
FoF,
VoV, S. VoV, AoA, Comments
cerevisiae | Mammalia .coli | S.cere-| B.taurus | E. gracilis | Chloro-
visiae phyceae
- - - - - - - Asa8
- - - - - - - Asa9
- - - - - - - Asal0 membrane subunit, participates in
dimerization
- - - - - - ATPTB6 - membrane subunits
- - - - - - ATPTBI12 -
- - - - - - ATPEG3 -
- - - - - - ATPEG4 -
- - - - - - ATPEGS -
- - - - - - ATPEG6 -
- - - - - - ATPEG7 -
- - - - - - ATPEGS -
- - - - - - ATPEG1 - membrane subunits, participate in
dimerization
- - - - - - ATPEG2 -
e e - - - - - - membrane subunits
f f - - - - - -
G' G! G! b b b b - extended subunit of the peripheral
BV B | e hydrophilic subcompiones
- - - o OSCP OSCP OSCP OSCP | attaches the peripheral stalk to the
catalytic hexamer
C C - - - - - - form the “collar” for the attachment of
peripheral stalks
- - - - f6 f6 - - peripheral stalk subunits
- - - - d d d* -
- - - - f f f* -
- - - - - - - Asal peripheral stalk subunit, participates in
dimerization
- - - - - - - Asa2 peripheral stalk subunits
- - - - - - - Asa4
- - - - - - - Asa7
- - - - - - ATPTBI1 - peripheral stalk subunits
- - - - - - ATPTB3 -
- - - - - - ATPTB4 -

Notes. ') The evolutionary relationship is unclear; while several researchers support the idea of homology of these subunits, the others do not agree
with it. %) Several authors suggest this subunit to be a homolog of . %) Several authors suggest this subunit to be a homolog of 8. *) Presumably par-
ticipates in dimerization. 3) Presumably does not participate in dimerization.

BIOCHEMISTRY (Moscow) Vol. 85 Nos. 12-13 2020
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ATPases and interacts with the y-phosphate group of ATP
bound in the catalytic site [32, 33].

The substrates of the rotary ATPases are magnesium
complexes of nucleotides. In the absence of magnesium,
free nucleotides bind to the enzyme, but neither hydroly-
sis nor synthesis occurs.

In F-ATPases, the o;B; hexamer contains three
additional (noncatalytic) nucleotide-binding sites, which
are located mainly on the a subunits. The noncatalytic
sites can bind ATP and other purine nucleotides and are
probably involved in the regulation of the enzyme activi-
ty (see reviews [34, 35]). For A- and V-type ATPases, the
very existence of noncatalytic sites is a matter of discus-
sion. In the structures available, the B subunit does not
contain a bound nucleotide [12, 13, 36]. At the same
time, there are experiments demonstrating the binding of
photoaffinity analogs of ATP and ADP to the B subunit of
some A-ATPases, so some researchers suggest that this
subunit may still bind nucleotides and play a role in the
regulation of catalysis [4, 37]. The appearance of the cat-
alytic and noncatalytic subunits in the hexamer is most
likely the result of gene duplication in the common
ancestor of prokaryotes even before their separation into
archaea and eubacteria [38].

During the synthesis/hydrolysis of ATP, the three
catalytic sites function cooperatively. At a single point in
time, the sites have different affinity for the substrates and
reaction products, and the catalytic events at one site trig-
ger conformational transitions in the other two. This idea
was first proposed for F-ATPase by Paul Boyer and later
formed the basis for the currently accepted model of
catalysis, which was called the binding change mecha-
nism [39]. The cooperation between the sites is ensured
by the asymmetric subunit of the central stalk (y in F-
ATPases and D in A- and V-ATPases), which rotates
inside the catalytic hexamer and sequentially interacts
with its subunits. One complete revolution of this subunit
is accompanied by the synthesis or hydrolysis of three
ATP molecules. Rotation of the y subunit during catalysis
was predicted from the structure of the F,-subcomplex
from bovine mitochondria [29] and was then demonstrat-
ed directly in single molecules of bacterial F, [40]. Later,
the single-molecule methods for monitoring ATP hydro-
lysis by the F, complex have been significantly improved
and used to obtain an impressive amount of experimental
data that have clarified in detail the molecular mecha-
nism of ATP hydrolysis in F-ATPases (see, for example,
reviews [41-43]).

The rotational mechanism of the A, subcomplex has
been studied mostly in the bacterial enzymes from
Enterococcus hirae [44] and Thermus thermophilus
[45, 46]. It has its own features but obeys the general prin-
ciples described above. The ATP-dependent rotation of
the central stalk has also been shown for eukaryotic V-
ATPase [47]. Thus, the fundamental similarity of F-, A-,
and V-ATPases is supported not only on the level of struc-
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ture but also on the functional level by a common mecha-
nism of rotational catalysis.

Another interesting topic is the substrate specificity
of rotary ATPases. It has been extensively studied in iso-
lated enzymes [48-50] or their subcomplexes [51-54],
mitochondrial membranes [55], chloroplasts [56], vacu-
oles [57], and plasma membranes of eukaryotic [58] and
prokaryotic cells [59, 60]. It seems likely that all rotary
ATPases have significant GTPase and ITPase activities
that are comparable to the ATPase activity (from 30 to
90% for different enzymes or their subcomplexes), and
that GTP or ITP hydrolysis is coupled to the ion trans-
port. The synthesis of GTP and ITP was shown for the F-
ATPase from Escherichia coli [59]. Experiments with the
F-ATPase from the thermophilic bacterium Bacillus sp.
PS3 also demonstrated GTP synthesis and, albeit with
very low efficiency, synthesis of UTP and CTP [60].
Thus, it seems that ion-translocating rotary ATPases can
directly affect not only the ATP/ADP but also the
GTP/GDP ratio in a living cell.

Some enzymes, especially archaeal ATPases, can
also catalyze the hydrolysis of pyrimidine nucleoside
triphosphates (UTP and/or CTP), but this reaction pro-
ceeds much slower [49, 50, 53, 54, 61, 62] and is poorly
coupled with proton transport [57]. The UTPase or
CTPase activity comparable to the ATPase activity was
demonstrated only for few ApA; complexes [63]. The
UTPase activity of bovine V-ATPase was found to be
insensitive to bafilomycin, an inhibitor of ion transport
through the V, complex, which indicates a loss of cou-
pling between Vg, and V, during UTP hydrolysis [58].
A single-molecule study of the F, subcomplex of the ther-
mophilic bacterium Bacillus sp. PS3 showed that the
Y subunit rotates upon hydrolysis of purine but not pyri-
midine nucleotides [48]. Thus, rotary ATPases are
unlikely to have a notable direct effect on the content of
pyrimidine nucleotides in the cell.

ION TRANSPORT BY Fo/Ao/Vo:
ION SPECIFICITY AND ION/ATP RATIO

The transmembrane ion transport by rotary ATPases
occurs at the interface of the c-ring and subunit a (or, in
the case of V-ATPases, the membrane C-terminal
domain of subunit a) adjacent to the c-ring. In A-type
ATPases, the subunits homologous to ¢ and a are called K
(or L) and I, correspondingly.

The outer surface of the c-ring (K- or L-rings in A-
ATPases) bears several ion-binding sites that face the lipid
bilayer. The ions bind to the carboxyl groups of the aspar-
tate or glutamate residues located in the middle of the
outer transmembrane o-helices of the ¢/K/L subunits.
Subunit a (I in A-ATPases) interacts with the ¢/K/L-ring
and forms two aqueous half-channels that open on the
opposite sides of the membrane. The half-channels are

BIOCHEMISTRY (Moscow) Vol. 85 Nos. 12-13 2020
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Fig. 2. A scheme of transmembrane proton transport by rotary ATPase during ATP hydrolysis. Protons can reach the ion-binding groups of
the ¢ subunits (K or L in A-ATPases) only through the half-channels formed by the a subunit (I in A-ATPases) and the c-ring (K- or L-ring
in A-ATPases). Hydrolysis of ATP causes the rotation of the rotor subcomplex, including the c-ring (K- or L-ring in A-ATPases). The high-
ly conserved arginine residue of the a/I subunit at the a-c¢/K/L-ring interface is positively charged and prevents proton leakage between the

half-channels.

separated by a conserved arginine residue, which belongs
to the a subunit. This arginine is located at the interface
of subunit @ and the ¢/K/L-ring and is necessary for the
ion transport [64].

The operation principle of rotary ion-translocating
complex was proposed by Vladimir P. Skulachev and
Alexei N. Glagolev in 1978 to explain the mechanism of
bacterial flagellum rotation [65]. Their hypothesis
assumed that the ion transfer between the two shifted
half-channels occurs when an oligomeric ring-shaped
protein complex carrying ion-binding sites rotates in the
plane of the membrane. Models describing similar mech-
anisms of rotational ion transport had been proposed for
F-ATPases even before the structure of the Fy complex
was solved [66, 67] (Fig. 2). The cryo-EM structures of F-,
A-, and V-ATPases obtained recently are in good agree-
ment with this model [10, 11, 13, 14, 68, 69].

Most prokaryotic A- and F-type ATPases, as well as
all known F- and V-ATPases of eukaryotes, translocate
hydrogen ions. Until the early 1980s, the bioenergetics of
ATP synthesis/hydrolysis was generally believed to be
associated exclusively with proton transport. In 1984,
Vladimir P. Skulachev suggested an idea of sodium bioen-
ergetics, assuming the possibility of ATP synthesis pow-
ered by the energy of Apiy, [70, 71]. This hypothesis was
later confirmed by the discovery in some eubacteria and
archaea of F- and A-ATPases that couple ATP synthe-
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sis/hydrolysis to the transmembrane transport of sodium
ions (see reviews [72, 73]). They may function as ATP
synthases or ATP-dependent Na* pumps that control the
concentration of sodium in the cytoplasm. In terms of
evolution, Na*-translocating rotary ATPases are most
likely the ancestors of the H*-translocating AT Pases [74].
It seems quite probable that ancient prokaryotes had
Na“-translocating ATP synthases that used Afiy,+ gener-
ated during the synthesis of acetate from carbon dioxide
and molecular hydrogen [75].

Na*-translocating ATPases are found in many
marine and pathogenic prokaryotes, where they might
play an important role in maintaining low intracellular
sodium concentration. These enzymes are also found in
several species of anaerobic eubacteria and archaea, in
which they synthesize ATP using Apyn, [73]. Some
prokaryotes possess a special type of Na*-translocating F-
ATPase that presumably works only as an ATP-dependent
ion pump and extrudes excessive sodium out of the cell. A
distinctive feature of this enzyme is the lack of subunit &
that is compensated by the additional domain of the
b subunit. Such F-ATPases were named N-ATPases; it
was also found that organisms that have such N-ATPase
always have one more rotary proton-translocating
ATPase [76].

It should also be noted that some N-ATPases can be
actually H"-translocating enzymes. There is experimen-
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tal evidence suggesting that the N-ATPase of the patho-
genic bacterium Burkholderia pseudomallei transports
protons, not sodium ions [77].

The ion specificity of rotary ATPases is determined
by the primary structure of the ¢/K/L and a/I subunits.
Noteworthy, all rotary ATPases are theoretically capable
of translocating protons; for several Na*-dependent
ATPases, the proton transport has been demonstrated
experimentally at low sodium concentration [78-80].
Under physiological conditions, however, the concentra-
tion of sodium ions exceeds the concentration of protons
by about six orders of magnitude. Thus, H*-transporting
ATPases have developed an extremely high H*/Na*
selectivity during evolution. Apparently, this selectivity is
provided by the hydrophobic environment of the ion-
binding carboxyl group. In turn, in sodium-transporting
enzymes, the proton selectivity is lower because of the
polar groups at the ion-binding site. These polar groups
belong to the protein backbone or side chains of gluta-
mine, serine, threonine, and tyrosine residues and,
together with the ion-binding carboxyl group, coordinate
the sodium ion. In some cases, ion coordination also
involves a water molecule [81, 82]. Molecular dynamics
simulations and mutagenesis experiments have confirmed
that the ion selectivity is determined by the arrangement
and the ratio of polar and hydrophobic groups in the ion-
binding site [83, 84]. Some ATPases, e.g., A-ATPase of
the methanogenic archaea Methanosarcina acetivorans,
are capable of both H* and Na* transport under physio-
logical conditions [85].

The number of ions translocated by a rotary ATPase
per 1 ATP molecule (the H*/ATP or Na*/ATP ratio) is a

A-type (12)  A-type (12) V-type (10)

M. mazei M. thermautotrophicus ~ S. cerevisiae
F-type (8-17) A-type (10)

E.coli P. furiosus

D) o) | |E0 | o | |

)
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key parameter of cell bioenergetics. The relationship
between this parameter and enzyme function is discussed
in the corresponding section below. The number of ATP
molecules synthesized or hydrolyzed during one com-
plete revolution of the rotor is the same for all rotary
ATPases and equals 3 (the number of catalytic sites). In
turn, the number of ions transported across the mem-
brane during one revolution corresponds to the number of
conserved ion-binding glutamate/aspartate carboxyl
groups in the c-ring. This value is species-specific and
depends on the stoichiometry of the ¢/K/L-ring, on the
number of the ion-binding carboxyl groups per ¢/K/L
subunit (Fig. 3), and on the coupling efficiency, i.e., the
probability of “slipping”, when the enzyme transports
ions across the membrane but no synthesis/hydrolysis of
ATP occurs.

The number of ion-translocating groups in the c-ring
varies from 8 (F-ATPase of bovine mitochondria [86], A-
ATPase of Methanococcus jannaschii [87]) to 17 (N-
ATPase of pathogenic bacterium B. pseudomallei [77]).
Eukaryotic V-ATPases with known c-ring stoichiometry
(yeast and mammalian enzymes) contain 10 ion-translo-
cating groups each [13, 25].

The ¢ subunit in its simplest form (e.g., in the F-
ATPases of E. coli or mitochondria) is a hairpin of two
transmembrane a-helices and contains a single ion-bind-
ing Glu or Asp residue located in the middle part of the
C-terminal a-helix. The two helices are connected by a
loop that is formed by polar residues and interacts with
other subunits of the rotor. Most of the studied F-
ATPases and many A-type enzymes have the ¢/K/L sub-
units of this type [88, 89]. However, in all groups of rotary

+ %
OO

F-type (9 + 1)
A. woodii

A-type (4)

M. jannaschii

@) | €9 | |EY

A-type (1)

@

)
)
&)

M. kandleri

Fig. 3. Types of ¢/K/L subunits of rotary ATPases. The number of subunits in the ¢/K/L-ring is given in brackets. Examples of organisms that
have an ATPase with the corresponding type of ¢/K/L subunits are also indicated. lon-binding glutamate/aspartate residues are denoted as
E/D. The simplest ¢ subunit (E. coli-like, top left) is typical for F-ATPases.
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ATPases, there are examples of gene duplications that
resulted in the appearance of subunits containing two or
more a-helical hairpins [90]. In some cases, duplication
was also accompanied by the loss of the ion-binding
group in one of the hairpins. The most diverse are the
K/L subunits of A-ATPases. A typical variant is a single
hairpin [88, 91]. Also common is a two-hairpin subunit
that contains two (methanogens) or one (Pyrococcus and
Thermococcus) ion-binding sites [92, 93]. The K/L sub-
unit of the M. jannaschii enzyme consists of three hairpins
and has two ion-binding sites [87]. Finally, the genome
sequence of the methanogen Methanopyrus kandleri sug-
gests the existence of a giant ¢ subunit composed of 13
hairpins that form a monomeric ring with 13 ion-binding
carboxyl groups [94].

In V-ATPases, the heteromeric cc’’-ring (cc’c'’-ring
in yeast) is composed of subunits that have two a-helical
hairpins each, but only one of the hairpins retains the
ion-binding residue [90]. The heteromeric ring is also
found in F-ATPases: the c-ring of Na*-translocating F-
ATPase of Acetobacterium woodii contains nine copies of
the “usual” hairpin ¢ subunit composed of two a-helices
and a single copy of the double-hairpin ¢ subunit that has
only one ion-binding site [95, 96].

For any particular rotary ATPase, the stoichiometry
of the c-ring is constant and determined by the amino
acid sequence of ¢ subunit. It was demonstrated that
mutations in the ¢ subunit of F-ATPase could alter the
ring stoichiometry [97, 98].

FUNCTIONS OF F-TYPE AND A-TYPE ATPases

All rotary ATPases establish a certain balance
between the ATP, ADP, GTP, GDP, inorganic phosphate,
and magnesium ion concentrations, pH, and transmem-
brane electrochemical potential difference of the cou-
pling ion (Apy* or Apn,+; for simplicity, only the proton
transfer will be discussed below, although the logic
remains the same for sodium-translocating enzymes).
This balance is quantitatively determined by the H*/ATP
ratio specific for a particular enzyme, which, as men-
tioned above, depends on the number of ion-binding car-
boxyl groups in the c-ring.

The Gibbs free energy of ATP synthesis in a cell
under physiological conditions is about 55 kJ/mol [99].
The amount of energy released during transmembrane
transfer of a single proton down the electrochemical gra-
dient depends on the magnitude of Agy*. In the coupling
membranes of prokaryotes, mitochondria, and chloro-
plasts, this value is usually about 10-22 kJ/mol, corre-
sponding to the protonmotive force (pmf) of approxi-
mately 100-220 mV. Therefore, depending on the Apy*
magnitude, from 2.5 to 5.5 protons must be transported
across the membrane to synthesize one ATP molecule.
Indeed, the H*/ATP ratio of mammalian mitochondrial
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F-ATPase, as inferred from the enzyme structure, is
8/3 = 2.7, and Apyy+ across the inner mitochondrial mem-
brane is about 18-22 kJ/mol (pmf~ 180-220 mV) [100]. A
higher H*/ATP ratio in rotary ATPases that have a larger
number of ion-binding sites in the c-ring presumably
allows ATP synthesis at lower Agy+ level.

The direction of the reaction catalyzed by rotary
ATPases depends on the presence and activity of other
Apy+ generators. Mitochondrial ATP synthase starts
hydrolyzing ATP under ischemic conditions when the
respiratory chain activity decreases. In chloroplasts, ATP
hydrolysis starts when the light intensity is low. In
prokaryotic cells, Apy- can be generated by the respirato-
ry or photosynthetic electron transport chains, bacteri-
orhodopsins, metabolite transporters, etc. If the activity
of these enzymes is decreased, the ATPase hydrolyzes
ATP and pumps protons out of the cell, acting as a Ay
generator itself. In prokaryotes, this process may be of
great importance since Agyy+ is necessary for the transport
of ions and small molecules across the membrane, flagel-
lum rotation, etc. However, such activity may quickly
deplete the intracellular ATP pool if the latter is not
replenished from other sources. Therefore, it is not sur-
prising that many F-ATPases are regulated by several
mechanisms suppressing their ATPase activity when the
ATP/ADP ratio drops and Apy+ decreases [14, 35, 101].
Some of these mechanisms are also known for A-ATPases
(see below).

It is often implied that the most crucial function of
rotary ATPases is ATP synthesis at the expense of Apy*
generated by other enzymes. In prokaryotes lacking such
enzymes, rotary ATPase works exclusively as a proton
pump, generating Ag,y+ and elevating the cytoplasm pH.
The latter function may be vitally important for aci-
dophilic prokaryotes.

As noted above, A-ATPases are typical for archaea,
while F-type ATPases prevail in eubacteria. However,
many eubacterial species have acquired A-ATPase oper-
ons during evolution, and in some cases have lost F-
ATPase operons. We analyzed 711 fully sequenced
genomes of prokaryotic species (83 archaea and 628
eubacteria) — a set used in the latest version of the COG
(Clusters of Orthologous Groups of proteins) database
[102]. Our analysis showed that the A-ATPase operon had
been acquired independently by different groups of
eubacteria through the horizontal gene transfer. Among
the species analyzed, operons encoding rotary ATPases
are distributed as follows (Fig. 4): (i) all 83 archaeal
genomes contain A-ATPase genes, and one species
(Methanosarcina acetivorans) also contains the operon
encoding the N-type F-ATPase; (ii) out of 628 eubacte-
ria, 488 have only a single F-ATPase operon, 19 have only
a single A-ATPase operon, 47 have both A- and F-type
operons (among them, 4 F-ATPases appear to be of N-
type), and, finally, several eubacterial species possess
more than one operon encoding an ATPase of a particu-
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Fig. 4. Distribution of various types of rotary ATPase operons in
prokaryotic organisms from the COG database. This database is
built using genomes of 83 archaea and 628 eubacteria and provides
an adequate coverage of the entire phylogenetic diversity of known
prokaryotes. See the text for quantitative data.

lar type; (iii) 12 of 628 eubacteria completely lack rotary
ion-translocating ATPases; these organisms are plant or
insect endosymbionts.

These data indicate that in eubacteria, F- and A-
ATPases are functionally interchangeable. Moreover, in
some cases, the presence of more than one rotary ATPase
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(presumably with different coupling ion, ion/ATP ratio,
or regulatory features) is likely to provide an evolutionary
advantage.

Besides ATP synthesis and ATP-driven generation of
Apyyt, eukaryotic F-ATPases perform several other func-
tions. It was noted above that the dimerization of mito-
chondrial ATP synthase is necessary for the formation of
cristae. Another important, albeit debated, function of
this enzyme is its participation in the generation of mito-
chondrial permeability transition pore (mPTP) — a pro-
tein complex that forms a channel in the mitochondrial
membrane and renders it permeable for molecules up to
1.5 kDa. In mammalian mitochondria, mPTP formation
occurs under stress conditions (e.g., in response to
increasing concentration of calcium ions or reactive oxy-
gen species) and results in the dissipation of Apyy,
swelling of mitochondria, release of mitochondrial pro-
teins into the cytoplasm, and triggering of programmed
cell death [103]. Several researchers suggest that mPTP
formation involves mitochondrial ATP synthase [104].
However, experiments with mitochondria that lacked
ATP synthase subunits that are presumably involved in
mPTP formation contradicted this hypothesis [105].

V-ATPase FUNCTIONS
F- and A-type ATPases in living cells can perform

both ATP synthesis and ATP-driven Auy+ generation.
The direction of the reaction depends on the species and

s

( V-ATPase "

ATP

Me™

Fig. 5. V-ATPase hydrolyses ATP and generates Auy* (both the electric potential difference and the concentration gradient). Various mem-
brane transporters (symporters, antiporters, carriers, and channels) use the energy of At for translocation of ions (Me*, metal cations;
A", organic acid anions; CI~, etc.) and low-molecular compounds (C, neurotransmitters, peptides, etc.).
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on the environment. V-ATPases in vivo are only capable
of transmembrane proton transport at the expense of ATP
hydrolysis. However, yeast V-ATPase was able to catalyze
ATP synthesis in vitro when Apy+ was generated by
pyrophosphatase artificially introduced into the same
membrane [106]. This suggests that V-ATPase is capable
of catalyzing both ATP synthesis and hydrolysis. But
in vivo the synthase activity is not observed since most
types of cellular membranes where V-AT Pases reside lack
other Apy* generators, and the Apyt magnitude on the
plasma membrane of an eukaryotic cell is insufficient for
ATP synthesis.

The physiological functions of V-ATPases are
numerous and have been discussed in detail in many
reviews (see e.g. [1, 107, 108]). Below, we will limit our-
selves to only a brief outline of this topic.

Most often, V-ATPase works in tandem with other
membrane transporters and acts as a motor that generates
Apyyt, which is then converted into various types of work
necessary for the vital functions of the cell and the organ-
ism. In most cases, it powers the transport of ions and
low-molecular-weight compounds across the membrane
(Fig. 5).

One of the most important V-ATPase functions is
the acidification of cellular compartments and, in some
tissues, of the extracellular medium. In this case, the
electrical component of Agy+ generated by V-ATPase is
compensated by the transport of other ions (e.g.,
Cl~ symport), making it possible to maintain a larger
ApH and to achieve deeper acidification of the compart-
ment interior. V-ATPase is involved in the acidification
of the Golgi apparatus frans-cisternae and subsequent
protein sorting [109] and provides the energy for the ret-
rograde protein transport [28]. V-ATPase also lowers the
pH inside the lysosomes and endosomes [107] and plays
an important role in endocytosis (including clathrin-
mediated endocytosis) by acidifying the content of the
imported vesicles [110]. Proton transport from the cyto-
plasm of osteoclasts to the extracellular space by V-
ATPase is necessary for normal bone tissue resorption
and for maintenance of a balance between bone forma-
tion and degradation. Increased activity of V-ATPase
causes osteopetrosis, while diminished activity may lead
to osteoporosis [111]. In the epithelial cells of renal
tubules, V-ATPase acidifies the urine. If this process is
compromised, the inability of distal tubules to maintain
pH gradient leads to an excessive loss of potassium and
sodium ions with the urine and the emergence of distal
renal tubular acidosis [112].

Besides maintaining pH homeostasis, V-ATPase is
also necessary for the transmembrane transport of ions
and low-molecular-weight compounds. In S. cerevisiae,
V-ATPase is required for normal functioning of Na*/H™-
exchangers involved in the yeast response to hyperosmot-
ic and oxidative stresses [113]. In plant cells, V-ATPase is
involved in the salt stress response and participates in the
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vacuolar accumulation of metal ions (including toxic
metals) and inorganic and organic acids [114]. In synap-
tic vesicles, V-ATPase generates Apy~ used by specific
membrane transporters that exchange H* and neuro-
transmitters and allows to increase the intravesicular con-
centration of the latter more than 1000-fold as compared
to that in the cytoplasm [1].

V-ATPase is also an essential element of several cell
signaling pathways. Suppression of its activity affects the
crosstalk of lysosomes with the mTORC1 complex — one
of the most important regulators of amino acid metabo-
lism. V-ATPase-mediated acidification of lysosomal con-
tent is a necessary step in the mTORCI1 activation in
response to the increase in the concentration of amino
acids [115]. V-ATPase also participates in the regulation
of glucose metabolism. A decrease in the intracellular
glucose level leads to the dissociation of V, and V,, sub-
complexes, resulting in the enzyme inactivation (see the
section below for details).

REGULATION OF THE ACTIVITY
OF ROTARY ATPases

The activity of rotary AT Pases is regulated by modu-
lating the expression levels of the corresponding genes.
Eukaryotes might have several isoforms for some subunits
of rotary ATPases so that the enzyme can be adjusted to
the needs of different tissues and cell organelles. Finally,
the activity of rotary ATPases can be regulated by post-
translational modifications, primarily by protein phos-
phorylation. Each of these regulatory levels is a large and
complex topic and lies beyond the scope of this review.
Below, we will discuss in detail only general regulatory
mechanisms determined by the amino acid sequence of
the enzyme and not associated with its individual iso-
forms.

As mentioned above, the regulatory features of rotary
ATPases largely depend on the mode of enzyme opera-
tion. Some ATPases should be able to switch promptly
between ATP synthase and hydrolase activities; others
work exclusively as ATP-dependent proton (or sodium)
pumps. The first group includes F-ATPases of mitochon-
dria, chloroplasts, and photosynthetic and aerobic
prokaryotes. The ATPase activity of these enzymes is typ-
ically suppressed at low ATP/ADP ratios and/or when
Apyy+ drops below the level required for ATP synthesis.
Re-activation of the enzyme occurs when Apy rises
above this level. Several mechanisms of such regulation
have been described (see review [116]). All F-ATPases
studied so far can be noncompetitively inhibited by the
MgADP complex (ADP inhibition). This inhibition
occurs when MgADP binds at the catalytic site in the
absence of inorganic phosphate and is different from sim-
ple inhibition by the reaction product [35]. The ATPase
activity of many prokaryotic and chloroplast enzymes is



1624

also suppressed by conformational changes of the & sub-
unit [117]. Chloroplast ATP synthase has a unique redox
regulation that results in the enzyme inhibition during the
nighttime. A pair of cysteine residues in the y subunit get
oxidized and form a disulfide bond in the dark, causing
suppression of the ATPase activity [101]. In mitochondria
and some a-proteobacteria, if the membrane is de-ener-
gized, the hydrolytic activity of F-ATPase is repressed by
the binding of special small inhibitory proteins (IF1 and
C, respectively) [118, 119]. Several additional regulatory
mechanisms preventing ATP hydrolysis have been
described for prokaryotic F-ATPases (see ref. [35] for
more detail).

The regulation of A-ATPases has been studied less
comprehensively. However, at least one of the regulatory
mechanisms described above, ADP inhibition, was also
found in A-ATPases. Therefore, it is probable that ADP
inhibition is one of the most ancient regulatory mecha-
nisms of rotary ATPases. F-ATPases of some organisms,
in which the synthase activity prevails (e.g., Paracoccus
denitrificans, some bacilli species, and chloroplasts), are
so susceptible to ADP inhibition that their ATPase activ-
ity is negligibly small without additional stimulation,
resulting in the release of the inhibitory ADP. In this case,
the ATPase activity can be detected after a brief mem-
brane energization or in the presence of certain activa-
tors, such as detergents, alcohols, sulfite, and some other
oxyanions.

On the other hand, E. coli F-ATPase, which works as
an ATP-dependent Apy+ generator when the bacterium
dwells anaerobically in the human intestine, hydrolyzes
ATP at a high rate even under de-energized conditions
and in the absence of stimulating compounds mentioned
above. These compounds activate E. coli enzyme to a less-
er extent than F-ATPases of chloroplasts and bacilli [35],
indicating, in our opinion, that ADP inhibition of the
FE. coli enzyme is less pronounced. For A-ATPases, vari-
ous degrees of ADP inhibition have also been shown. The
ATPase activities of A-type ATP synthases from two
species, Th. thermophilus and Methanosarcina mazei GO1,
are strongly inhibited by ADP [120-122]. At the same
time, the A-ATPase of E. hirae, an enzyme that carries
out ATP-dependent pumping of sodium ions from the
cell, did not demonstrate any signs of ADP inhibition
[123]. Several amino acid residues modulating the
strength of ADP inhibition in the F- and A-type enzymes
were identified by mutagenesis experiments [122, 124,
125].

ADP also inhibits eukaryotic V-ATPases. Clearly,
ADP may act as a competitive inhibitor, preventing ATP
binding at the enzyme’s catalytic site [126]. However, it
was demonstrated that ADP can also inhibit V-ATPases’
activity in a noncompetitive manner [127-129], possibly
via a mechanism similar to that in F- and A-ATPases.
The activity of A-ATPases is regulated by one more
mechanism associated with the F subunit. The latter is a
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small protein that, together with the D subunit, belongs
to the rotor part of the enzyme and has a flexible elon-
gated domain that can interact with the catalytic hexa-
mer. This interaction was shown to promote the ATPase
activity of Th. thermophilus and M. mazei GO1 A, sub-
complexes [130, 131]. The conformational changes of
the F subunit regulatory domain are presumably
nucleotide-dependent [132]. The F subunit-dependent
activation was also shown for E. hirae A, but this activa-
tion was noticeably weaker [133]. To some extent, the
F subunit of A-ATPases resembles the ¢ subunit of bacte-
rial F-ATPases. The latter is also a part of the rotor and
contains flexible regulatory domain, which can adopt an
extended conformation, interact with the catalytic hexa-
mer, and affect ATP hydrolysis. However, subunit &
inhibits the ATPase activity of F-ATPases ([117], but see
also [134]), and the sequence homology of the F-ATPase
subunit € and A-ATPase subunit F is not evident. Some
authors suggest an evolutionary relationship between the
F subunit and the globular domain of the F-ATPase
v subunit [135]. In V-ATPases, the regulatory role of the
F subunit has not been studied. In the structural models
published, this subunit is always in a compact conforma-
tion and does not seem to interact with the catalytic
hexamer [13, 136].

The activity of V-ATPases is mainly regulated by the
reversible dissociation of the V, and V, subcomplexes.
This regulatory mechanism is specific for V-ATPases and
has been demonstrated for the enzymes from insects,
mammals, and baker’s yeast [137]. A key player in this
process is the C subunit. In the full-size V4V, this subunit
is required for the attachment of the peripheral stalks to
Vo, and dissociation of this subunit destabilizes the
enzyme complex [138]. After dissociation, V, loses its
ATPase activity. The inactivation is accompanied by con-
formational rearrangements of the H subunit [139, 140].
Free V,, in turn, loses the ability to transport protons due
to the conformational changes in the cytoplasmic domain
of subunit a. The latter interacts with the d subunit and,
thereby, stops proton translocation [141, 142]. One of the
main factors causing V,V, dissociation in vivo is a
decrease in glucose concentration [113]. The close rela-
tionship between glucose metabolism and dissociation/
association of V-ATPase is controlled by several signaling
pathways [143]. Moreover, V-ATPase can interact direct-
ly with two enzymes involved in glycolysis, aldolase and
phosphofructokinase. When the glucose concentration is
high, these interactions cause association of V, and V,,
followed by re-activation of V-ATPase [144, 145].
Coordination of the V-ATPase activity and glycolysis is
presumably required to preserve ATP upon starvation and
to prevent cytoplasm acidification during intense anaero-
bic glycolysis [143].

It should be noted that in F-ATPases the nucleotide-
binding hydrophilic subcomplex F, is tightly bound to the
ion-translocating membrane subcomplex F. The separa-
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tion of the two subcomplexes requires severe treatment
with chaotropic agents in the absence of magnesium ions.
Therefore, dissociation of F-ATPases in vivo seems
extremely unlikely.

ATP hydrolysis by V-ATPases is also suppressed in a
redox-dependent manner due to the formation of a disul-
fide bond between two conserved cysteine residues in sub-
unit A. One of these residues belongs to the catalytic site.
This regulatory mechanism of V-ATPase has been repeat-
edly demonstrated in vitro for the mammalian and fungal
enzymes [146-150]. In yeast, indirect evidence of the
physiological significance of this mechanism has also
been obtained [151]. In vitro oxidation of sulfhydryl
groups in the catalytic site was demonstrated to inhibit
the activity of plant V-ATPase [152]. However, in vivo
experiments in Arabidopsis thaliana failed to reveal any
significant effect of this regulatory mechanism in plant
cells [153]. We did not find any in vivo evidence of the
redox-dependent regulation of the activity of A-ATPases,
although it is known that oxidants may induce cross-link
formation between the subunits of the catalytic hexamer
of A-ATPase and decrease the enzyme activity [63].

CONCLUSION

Rotary ion-translocating ATPases play a key role in
the bioenergetics of most living organisms. These
enzymes have a common evolutionary origin and a simi-
lar catalytic mechanism, but their regulatory features are
remarkably diverse and depend on the physiological func-
tions of these ATPases in the cell. An imbalance in the
regulation of these enzymes might cause numerous
pathologies; therefore, research in this area is of funda-
mental interest and is also important for developing new
therapies. Distinctive features of rotary ATPases of path-
ogenic microorganisms make these enzymes promising
targets for new specific inhibitors that will suppress
microbial activity without affecting similar enzymes in
human cells [154].
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