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Abstract—This review presents a collection and analysis of the currently available data on the structure and
organization, localization, working mechanisms, and functions of the enzyme that synthesizes adenosine tri-
phosphate (ATP), ATP synthase. It is universal (present in all prokaryotic and eukaryotic cells) in nature and
is unique in its characteristics. The proper assembly and functioning of ATP synthase are the required condi-
tions for the normal process of oxidative phosphorylation, the result of which is energy storage in the form of
ATP. A large number of diseases, including neurodegenerative and mitochondrial diseases, are associated
with ATP synthase disorders.
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INTRODUCTION
Adenosine triphosphate (ATP) is a universal

source of energy in living organisms, and its synthesis
is an integral part of a cell’s life. The main mode of
ATP formation, oxidative phosphorylation (Schapira,
2006), is the result of the joint work of the electron-
transport chain (ETC) and mitochondrial ATP syn-
thase. The ETC includes the so-called complexes: I,
NADH-dehydrogenase complex; II, succinate dehy-
drogenase (the only enzyme of the Krebs cycle associ-
ated with the mitochondrial membrane, and it serves
as a carrier of electrons to ubiquinone); III, cyto-
chrome bc1; IV, cytochrome c oxidase and ATP syn-
thase, which is sometimes considered the V complex
of the chain, although it does not participate in the
process of electron transfer (Fig. 1). In this case, ATP
synthase is of particular interest, since it is the main
component in the process of ATP synthesis and plays
a key role in the development of neurodegenerative
diseases (Kucharczyk et al., 2009).

ATP synthase is an enzyme consisting of protein
subunits that represents a “molecular machine”
equipped with a unique rotary mechanism (Allegretti
et al., 2015; Morales-Rios et al., 2015; Zhou et al.,
2015). ATP synthase is a universal enzyme, since it is
present in both prokaryotic and eukaryotic cells.
There are three groups of ATP synthases: P-, F- and
V-type ATPases (Nelson and Taiz, 1989; Nelson,
1992). They differ both in structure and function. It is
noteworthy that the F-ATPase passed to eukaryotic
organisms as a result of symbiogenesis; therefore, it is
found both in prokaryotes and in the two-membrane
organelles of eukaryotes (Nelson, 1992).

According to the International Union of Biochem-
ists and Molecular Biologists, the currently accepted
name for this enzyme is H+-transporting two-sector
ATPase. The systematic name is ATP phosphohydro-
lase (H+-transporting). Other names for this enzyme
are ATP synthase, F1-ATPase, FoF1-ATPase, H+-
transport ATPase, mitochondrial ATPase, conjuga-
tion factors (Fo, F1 and CF1), chloroplast ATPase
(cFocF1), bacterial Ca2+/Mg2+ ATPase (International
Union…, 2020).

Since 1984, ATP synthase has been listed in the
classification of enzymes as an enzyme of the third
class, hydrolase (code 3.6.1.34). In 2000, it was trans-
ferred to grade 7, translocase, but it retained the sys-
tematic name ATP phosphohydrolase. In the modern
classification, ATP synthase is denoted as 7.1.2.2
(BRENDA…, 2020; International Union…, 2020).

ORGANIZATION OF ATP SYNTHASE
OF PROKARYOTIC, YEAST,
AND PLANT ORGANISMS

The most modern method to determine the struc-
ture and organization of ATP synthases in organisms is
cryoelectron microscopy. It allows one to visualize the
structure of a multitude of chaotically located macro-
molecules without their crystallization and to obtain a
high-quality 3D image (Milne et al., 2013; Nannenga
and Gonen, 2014). At present, the results of cryoelec-
tron microscopy indicate a similar structure of func-
tionally significant parts of ATP synthases in bacteria
and all eukaryotes (Davies et al., 2012).
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Fig. 2. Structure of ATP synthase of Saccharomyces cerevi-
siae (subunits α, β, γ, 9, k, e, g) (modified according to
Berman et al., 2000; Guo et al., 2017).
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Fig. 1. Location and interaction of ETC complexes in the inner mitochondrial membrane (I–V, ETC complexes; Q, ubiquinone;
c, cytochrome c).
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Prokaryotic bacterial ATP synthase is the simplest
structure: it contains eight subunits, five in the F1
component and three in the Fo component. In
Archaea, in addition to ATP synthases of the FoF1
type, the AoA1-type was found. It structurally resem-
bles the ATP synthases of vesicles of yeast, plants, and
animals (Deckers-Hebestreit and Altendorf, 1996;
Allegretti et al., 2015).

The best studied eukaryotic ATP synthase is the
yeast ATP synthase (Saccharomyces cerevisiae) (Fig. 2).
The enzyme structures necessary for the performance
of its functions can be divided into four conventional
structural units: the main catalytic group ((αβ)3), the
central bar (γ, δ, ε), the peripheral rod (4, d, h), and
the membrane region (910, 6, 8, f). The first two struc-
tural units belong to the F1 component, and the last
two belong to the Fo component. Oligomycin sensitiv-
ity conferring protein (OSCP) connects the peripheral
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core and the catalytic domain (Davies et al., 2012).
Also, in addition to the 13 main subunits, yeast ATP
synthase includes four additional subunits, e, g, i, and k
(Rubinstein et al., 2003; Lau et al., 2008). Subunits e,
g, and k were first discovered in ATP-synthase dimers
(Arnold et al., 1998), and it is assumed that the main
task of these subunits is the dimerization process
(Davies et al., 2012).

Plant chloroplast ATP synthase (cF1FO ATPase)
has 26 subunits, 17 of which are fully or partially
immersed in the membrane. The hydrophilic (αβ)3
catalytic group of the cF1 component corresponds to
that of other eukaryotes. The cFo component includes
a ring of 14 c subunits; the central core consists of γ
and ε subunits, and the periphery consists of b, b', and
δ. In addition, three different states are distinguished
in chloroplast ATP synthase; the structure of each was
determined via cryoelectron microscopy (Hahn et al.,
2018). The presence of three different functionally
active states of chloroplast ATP synthase is due to
three conformational states ε subunits (Richter et al.,
2005).

ORGANIZATION OF ATP SYNTHASE
OF MAMMALIAN MITOCHODRIA

Mammalian mitochondrial ATP synthase is more
complex and very diverse. It has a mushroom-like
structure with a channel inside and includes two com-
ponents: the Fo (or the conjugation factor Fo, where
the index “o” stands for oligomycin), which permeates
the inner membrane of mitochondria and is hydro-
phobic, and the F1 (short for “fraction 1” (part 1), or
the conjugation factor F1), which is located in the
matrix and is hydrophilic. Each of these components,
in turn, consists of many subunits (Walker and Dick-
son, 2006; Devenish et al., 2008; Watt et al., 2010).
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Fig. 3. Structure of the ATP synthase of mitochondria of
bovine cardiomyocytes, conformation 1A (OSCP, sub-
units F6, d, b1, c10, α, β, γ, δ, ε) (modified according to
Berman et al., 2000; Zhou et al., 2015).
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The F1-component in eukaryotes, the “head” of
the mushroom-like structure, consists of nine sub-
units: three α, three β, and one γ, δ, and ε (Watt et al.,
2010). The polypeptide chains α and β are arranged
such that they form a spherical hexamer (αβ)3 with six
binding sites (three of which are catalytic and three are
non-catalytic) and a cavity (Kagawa et al., 1992;
Mohanty et al., 2015; Xu et al., 2015). The subunits γ
and ε are located in the hexamer cavity (αβ)3; γ is posi-
tioned and rotated at an angle of 120° to the hexamer,
and δ is located on the outside. Together, these three
BIO

Fig. 4. Location of ATP synthase on the inner mitochondrial me
membrane surrounded by ATP synthase dimers; (b) segmented
are depicted as “spikes” on the inner membrane); (c) mitochon
tomography (modified according to Blum et al., 2019).
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subunits are part of the central rod (Devenish et al.,
2008; Xu et al., 2015) (Fig. 3).

The diameter of the F1 coupling factor reaches 9 nm
(Fernández-Morán et al., 1964); therefore, ATP syn-
thase can be seen in an electron microscope on the
cristae of the inner mitochondrial membrane and via
cryoelectron tomography (Fig. 4) (Blum et al., 2019).

F1Fo-ATPase isolated from the mitochondria of
bovine cardiomyocytes has been well studied. During
the rotational cycle, it changes its structure, assuming
different conformations. The structure of the confor-
mations has been determined and studied (Zhou et al.,
2015).

It is very important that the key components for the
assembly of ATP synthase are the γ and δ subunits. The
lack of these subunits or their defects are prerequisites
for a decrease in the amount of ATP synthase. At the
same time, the absence of the γ subunit in lower
eukaryotes is not critical; the (αβ)3 hexamer remains
stable and is accompanied by compensatory mutations
in the gene encoding the β subunit (Smith and Thors-
ness, 2005; Pecina et al., 2018). Thus, the results of a
series of studies reported the existence of yeast ATP
synthase dimers without subunits e and g, which casts
doubt on their role in dimerization (Paumard et al.,
2002; Gavin et al., 2005; Wittig and Schagger, 2008).

Fo-ATPase is highly variable and, depending on the
type of organism, it may contain more or fewer sub-
units (Meier et al., 2005; Pogoryelov et al., 2009; Vol-
lmar et al., 2009; Jonckheere et al., 2012). Fo consists
of a c ring (rotary ring) containing eight copies of the
subunit and one copy of each of subunits a and b
(Walker and Dickson, 2006; Devenish et al., 2008;
Watt et al., 2010). The C ring is linked to the b subunit
through the a subunit (Devenish et al., 2008; Xu et al.,
2015). In addition to these three main subunits, which
are also present in bacteria, eukaryotes also have oth-
ers: oligomycin-sensitive protein (the protein got its
LOGY BULLETIN REVIEWS  Vol. 11  No. 2  2021

mbrane of Polytomella sp.: (a) cristae of the inner mitochondrial
 structure showing the location of ATP synthase dimers (dimers
drial crista surrounded and “formed” by dimers. Cryoelectron

(c)
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name due to the antibiotic oligomycin, the action of
which suppresses the action of ATP synthase) (Deve-
nish et al., 2000; Salomon et al., 2001), as well as b, d,
F6, and sometimes f, e, and g. The functions of some
of these subunits have not yet been established. It is
known that the subunits b, d, f, e, g, and F6 form the
peripheral core of ATP synthase (Walker and Dickson,
2006; Devenish et al., 2008) (Fig. 3).

MECHANISMS OF MITOCHONDRIAL
ATP SYNTHASE

ATP synthase uses the energy created by the proton
electrochemical gradient to phosphorylate adenosine
diphosphate (ADP) to ATP in the F1 component
(Nijtmans et al., 1995; Capaldi and Aggeler, 2002;
Zeviani and Di Donato, 2004). The mechanism of its
operation is called rotational or rotational catalysis
(Boyer, 1975). During a complete turnover of the γ
subunit, each catalytic site changes three conforma-
tions (Boyer, 1993). In this case, two functional parts
can be distinguished in ATP synthase: the moving
part, the so-called rotor (c ring, γ, δ, and ε), and the
stator (F6, oligomycin-binding protein, α, β, a, b, and
d) (Devenish et al., 2008).

The mechanism of ATP synthase operation is rep-
resented as follows: the energy generated by the proton
gradient is supplied from the intermembrane space to
the matrix through the inner membrane with the Fo
component; the proton gradient then creates a proton
motion force, which includes the pH difference and
the electric-membrane potential (Campanella et al.,
2009). The energy released due to this drives two
rotary engines connected to each other: the c ring in Fo
and the γ, δ, ε subunits in F1 (Boyer and Kohlbrenner,
1981). It is precisely the rotation γ subunit that pro-
vides the energy for ATP synthesis.

A significant contribution to the study of the mech-
anism of the ATP synthase was made by a group of
Japanese scientists who managed to “attach” to F1-
ATP synthase magnetic particles and activate it.
Clockwise movement resulted in ATP synthesis in an
amount of 5 molecules per second, while counter-
clockwise movement or no movement led to ATP
hydrolysis (Itoh et al., 2004). It is also noteworthy that
ATP synthase has an extremely high efficiency, close
to 100% (Kinosita et al., 2000).

ATP synthase is also capable of performing the
reverse process of rotational catalysis, ATP hydrolysis
and the pumping of protons through the inner mem-
brane. In normally functioning mitochondria, ATP
synthase works towards ATP synthesis. If the normal
course of respiration in mitochondria is at risk, ATP
synthase begins to carry out the process of ATP hydro-
lysis, and, since the breakdown of a large amount of
ATP is undesirable, ATP synthase is inhibited by a
special protein, the inhibition factor IF1 (Pullman and
Monroy, 1963; Devenish et al., 2008). Its activity
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depends on the pH level. IF1 blocks F1-ATPase activ-
ity (van Heeke et al., 1993), binding to two F1 compo-
nents, and plays an extremely important role in cell
protection during ischemia (Campanella et al., 2008,
2009).

ATP synthase is sometimes unable to perform the
function of ATP synthesis; this is what happens in
brown adipose tissue. There is a very low level of oxi-
dative phosphorylation in the cells due to the presence
of the UCP1 thermogenin protein (Nicholls, 2017), a
transmembrane uncoupling protein. Its mechanism of
action is to increase the permeability of the inner
membrane for protons, which, due to the uncoupling
of cellular respiration and oxidative phosphorylation,
leads to a significant decrease in the proton gradient
and a decrease in ATP synthesis (LaNoue et al., 1986;
Crichton et al., 2017).

There is also an important feature of bacterial
F1Fo-ATPase. It is able to “switch” from the transport
of hydrogen protons to the transport of sodium ions.
This was first discovered in Propionigenium modestum
(Laubinger and Dimroth, 1988) and later in methano-
genic bacteria (Becher and Muller, 1994) and Aceto-
bacterium woodii (Reidlinger and Muller, 1994).

In addition to energy supply, ATP synthase is also
involved in the formation of the structure of the cristae
of the inner mitochondrial membrane (Allen, 1995;
Paumard et al., 2002; Davies et al., 2012). This is due
to the existence of ATP synthase in the form of
V-shaped dimers with an angle of 70°–90° between
the dimer fragments that connect in so-called ribbons
located along the strongly curved edges of the inner
membrane cristae, which “stretch” to hundreds of
nanometers (Schagger and Pfeiffer, 2000; Paumard et
al., 2002; Minauro-Sanmiguel et al., 2005; Strauss et
al., 2008; Davies et al., 2011; Hahn et al., 2016; Blum
et al., 2019). At the same time, structurally simple bac-
terial and plant ATP synthases do not form dimers due
to the absence of subunits responsible for dimerization
(Lapaille et al., 2010): chloroplast ATP synthase is
monomeric (Daum et al., 2010), and no dimers have
been reported in bacteria at all. No individual mono-
meric ATP synthases were found in the cristae of other
eukaryotic organisms (yeast, animals) (Blum et al.,
2019).

It was proven via electronic cryotomography that
ATP synthase dimers form spontaneously and thus
“bend” membranes, which is the first step in the for-
mation of the structure of the inner mitochondrial
membrane (Fig. 5) (Blum et al., 2019).

The study of the structure of yeast dimers showed
that the most important components for the dimeriza-
tion of ATP synthase are the components e and g. This
was confirmed by their removal, which led to distur-
bances in the processes of dimerization and the forma-
tion of cristae of the inner membrane (Hahn et al.,
2016).
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Fig. 5. ATP synthase dimers of Polytomella sp. and bending membranes: (a) the highlighted lower band of the gradient contains
proteoliposomes; (b) tightly packed membranes with dimers; (c) dimers; (d) ATP synthase is directed into the vesicle by the F1
component causes local curvature of the membrane; (e) membrane with parallel rows of dimers. Cryoelectron tomography (mod-
ified according to Blum et al., 2019).
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A study in mutant mice with human IF1 expression
in nerve cells demonstrated a possible relationship
between the activities of ATP synthase and cell death
(Formentini et al., 2014). IF1, which blocks the syn-
thase and hydrolase activities of ATP synthase (Gar-
cia-Bermudez and Cuezva, 2016), is used by cancer
cells to inhibit its ability to synthesize reactive oxygen
species, because their synthesis leads to the initiation
of apoptotic processes. It turned out that the mediated
IF1 metabolic preconditioning resulted in “mild” oxi-
dative stress and an increase in the functional thresh-
old at which damage led to cell death. By inhibiting the
activities of ATP synthase, IF1 mice appeared to be
partially protected from damage by some agents (e.g.,
quinolinic acid) despite very low amounts of ATP and
ADP. Thus, prevention of the synthesis of reactive
oxygen species made it possible to avoid significant
damage to nerve cells, which suggests that ATP syn-
thase plays a significant role in cell death and makes
the enzyme a potential “target” for its prevention
(Formentini et al., 2014).

ATP-SYNTHASE DISORDERS

The correct assembly and functioning of ATP syn-
thase are essential conditions for normal cell activity.
A fairly large number of different diseases are associ-
ated with an impaired assembly and/or function of
ATP synthase, including neurodegenerative and mito-
BIO
chondrial diseases, obesity, cancer, immunodefi-
ciency, diabetes, and cystic fibrosis (García et al.,
2000; Ahmad and Laughlin, 2010; Bartolome et al.,
2013). Mutations in some subunits of ATP synthase
lead to disturbances in its assembly, which leads to
changes in the morphology of mitochondrial cristae
(Strauss et al., 2008); this once again confirms the role
of ATP synthase as a necessary condition for the for-
mation of folds (cristae) of their inner membrane. For
example, such changes are found in Leigh’s disease
(an a-subunit mutation), NARP syndrome (an F6-
subunit mutation), mitochondrial cardiomyopathy,
etc. (Kucharczyk et al., 2009; Dautant et al., 2018). As
a result, ATP synthase has become an effective poten-
tial target for drugs (Ahmad et al., 2011). Currently,
there are more than 300 known natural and synthe-
sized molecules that can bind to the complex and
change its activity (Hong and Pedersen, 2008; Ahmad
et al., 2013).

The literature data indicate a link between mito-
chondria and neurodegenerative diseases such as Par-
kinson’s, Alzheimer’s, Huntington’s, and amyo-
trophic lateral sclerosis (Federico et al., 2012). There
are also a number of metabolic disorders associated
with mitochondrial dysfunction (Scholte, 1988), the
main feature of which is disruption of the ETC (Fed-
erico et al., 2012).
LOGY BULLETIN REVIEWS  Vol. 11  No. 2  2021
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ATP-SYNTHASE OF THE BRAIN

The central nervous system is most dependent on
the normal functioning of mitochondria, since neu-
rons require a large amount of energy for their work
(Magistretti and Pellerin, 1996; Raichle and Gusnard,
2002; Peters et al., 2004; Filosto et al., 2011; Magis-
tretti and Allaman, 2015). Since the level of ATP syn-
thesis is a central indicator of brain bioenergetics, its
function, aging, and neurodegeneration and ATP syn-
thase is directly responsible for this process, its study
in brain structures is highly relevant. In terms of struc-
ture and functions, the brain has a very complex orga-
nization, which also implies the heterogeneity of the
distribution of ATP synthase in it. However, the avail-
able information is fragmentary; it concerns a very
small part of its structures only pathological condi-
tions, which is insufficient for an assessment and com-
parison of the energy potential of different microde-
partments and types of brain cells.

The available information indicates that brain ATP
synthase is a “key” target for damaging factors. The
cause of systematic violations of various subunits,
especially subunits α and β, is lipoxidation, which
leads to a loss of V activity. The results of immunohis-
tochemical studies indicate damage to brain neurons,
the presence of modifications of ATP synthase in var-
ious areas of the cerebral cortex, and an increases in
their number with aging and pathology. In Alzhei-
mer’s disease, the entorhinal cortex suffers from the
very early stages of the disease (Terni et al., 2010).
Lipoxidation of ATP synthase was also found in the
hippocampus and parietal cortex in Alzheimer’s dis-
ease, but at a later stage than in the entorhinal cortex
(Reed et al., 2008; Terni et al., 2010). It is especially
important that, despite the inactivation of ATP syn-
thase, the expression level of the protein components
of this enzyme does not decrease (Terni et al., 2010).

Significant wavelike changes (increase, decrease,
normalization) in the amount of ATP synthase were
found in the Purkinje cells of the cerebellum and the
cells of the frontal and parietal cortex during cholesta-
sis (Emelyanchik et al., 2018).

Examination of the brain structures of rats with
hypertension indicated mitochondrial dysfunction
and significant disturbances in the assembly and func-
tioning of ATP synthase in the brainstem. Based on
this, it was suggested that it is precisely the lack of ATP
and an increase in reactive oxygen species that lead to
impairment of cardiovascular homeostasis (Lopez-
Campistrous et al., 2008).

CONCLUSIONS

ATP synthase is a universal and unique enzyme in
its characteristics. For many decades, ATP synthase of
various origins has been the object of close study, and
now we have a large amount of information on its
BIOLOGY BULLETIN REVIEWS  Vol. 11  No. 2  2021
structure and organization, mechanisms of work and
functions, and disorders in pathology.

ATP synthases of all organisms contain well-stud-
ied, identical, basic structural units necessary for the
performance of enzymatic functions. At the same
time, the “unique” units of some specific types of ATP
synthases remain unexplored. Since the functions of
ATP synthase include not only the synthesis or hydro-
lysis of ATP but also the formation of the structure of
mitochondrial cristae in eukaryotes, it can be argued
that the correct assembly and operation of ATP syn-
thase are key conditions for normal cell activity.
A large number of diseases, including neurodegenera-
tive and mitochondrial diseases, are associated with
ATP synthase disorders. One of the least studied issues
is the question of the distribution of ATP synthase in
various parts and types of brain cells. The relevance of
this issue is determined by the fact that ATP synthase
is a molecular marker of mitochondria and character-
izes its “energy potential.”
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