
Abstract. The free energy released upon the enzymatic hydro-
lysis of adenosine triphosphate (ATP) is the main source of
energy for the functioning of the living cell and all multicellular
organisms. The overwhelming majority of ATP molecules are
formed by protonATP synthases, which are the smallest macro-
molecular electric motors in Nature. This paper reviews the
modern concepts of the molecular structure and functioning of
the proton ATP synthase, and real-time biophysical experi-
ments on the rotation of the `rotor' of this macromolecular
motor. Some mathematical models describing the operation of
this nanosized macromolecular machine are described.

``If to describe the cell we were to choose between two
extreme Modelsìa clock mechanism or a homoge-
neous gasphase chemical reactionìno doubt which of
the two would have been chosen: the cell is much closer
to a clockmechanism than to a purely statistical system.''

L A Blumenfeld [1]
``ATP synthase is a splendid molecular machine... All
enzymes are beautiful, but the ATP synthase is one of the
most beautiful as well as one of the most unusual and
important.''

P D Boyer [37]

1. Introduction

The notion of `molecular machines' was coined 35 years ago
(in the 1970s [1]) and is currently generally accepted in the

scientific literature [1±27]. The molecular machine is a
macromolecular structure, typically of natural origin (e.g., a
protein molecule or complex), that converts chemical energy
into the energy of directional motion of macromolecules or
their fragments, transfers molecules and ions across biologi-
cal membranes, and so on (see, e.g., recent reviews [7±16] and
original articles [17±28]). The notion of enzymes as nanomo-
lecular machines implies that they have a relatively small
number of selected (mechanical) degrees of freedom asso-
ciated with correlated motion of atomic groups or with the
presence of mobile fragments [1±3, 29, 30]. This means that
selected portions of a protein molecule or a protein complex
can be regarded as macromolecular devices by analogy with
elements of macroscopic machines and mechanisms.

From the physical standpoint, the main feature of
macromolecular machines and mechanisms (MMMs) is a
combination of mechanical and statistical properties [1±3,
29±32]. The mechanical properties of MMMs are deter-
mined by a large-scale structural rearrangement of macro-
molecules resulting from the motion of relatively large
fragments of protein molecules along a small number of
the selected degrees of freedom. The statistical properties of
MMMs are due to thermal movements of individual atoms
or their small groups. Thermal fluctuations of a macro-
molecular structure allow `choosing' those microstates from
the great number of them that cause chemical reactions to
proceed as desired and ensure realization of the directed
mechanical motion [2, 31±35].

The past decade has witnessed a revolution in the
investigation of biological macromolecular machines; bio-
physicists have learned how to manipulate selected molecules
of biopolymers using a magnetic or laser tweezer, measure
physicochemical characteristics of individual macromole-
cules, and directly observe their movements (see [7±15]).
X-ray structural analysis was used to elucidate the spatial
structure of thousands of proteins; the architecture of various
protein complexes was clarified. These approaches, taken
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together with modern biochemical and molecular biology
methods for biopolymer research, have provided an insight
into the mechanism of action of MMMs.

Studies of rotary MMMs are currently at the forefront of
biophysical research. The molecular structure and physico-
chemical mechanisms of action of MMMs are widely
discussed in the literature (see reviews [7±16]). Biological
MMMs, whose work depends on the directional rotation of
their rotor, are usually embedded in biological membranes
and driven by the electrochemical potential difference
generated across the membrane. Rotary MMMs contain
ratchet-like elements that ensure directional motion of their
rotor [31±35]. Presently, two families of natural nanosized
rotary `electric motors' are known. One comprises bacterial
electric motors that drive flagellae of bacterial cells [32, 35]. A
typical representative of the second family is F0F1 ATP
synthase [36, 37], a protein complex responsible for the
synthesis of adenosine triphosphoric acid or adenosine
triphosphate (ATP), which is the main energy `currency' of
the living cell (Fig. 1). F0F1ATP synthase is the smallest of the
known natural electric motors [32, 37±45].

The work of a bacterial electric motor and F0F1 ATP
synthase is based on similar principles, but the former is a
much more complicated device than the latter. Bacterial
electric motors have a stator embedded in the plasma
membrane and a rotating rotor [32, 35]. The rotor is
connected with a flagellum that is several orders of magni-
tude longer than the cell itself. The helical flagellum rotates as
a `propeller' and imparts translational movements to the cell.
The transmembrane electric potential difference is the source
of energy for rotor rotation in the bacterial flagellar motor.
This complicated nanodevice has a molecular `transmission
gearbox' that permits changing the direction of rotation.
Moreover, the bacterial cell has a molecular `processor,' a
macromolecular prototype of modern computers, that
governs the behavior and spatial orientation of the cell. The
`processor' receives, stores, and analyzes information about
the chemical composition and illumination of the environ-
ment coming from specialized receptors at the cell surface and
emits specific signals to switch the direction of rotor rotation.
This enables bacteria to change the direction of motion and
move toward a target, i.e., an `attractant' (nutritious sub-
strate), or away from an ecologically unfavorable region
containing so-called `repellents.'

F0F1 ATP synthase is one of the most beautiful, unusual,
and important molecular motors of the living cell. It occupies

a special place among macromolecular energy transducers.
F0F1-type ATP synthase protein complexes perform synth-
esis of the overwhelmingmajority ofATPmolecules in the cell
[46±49]. F0F1 ATP synthase, a unique energy transducer in
the living cell, has two rotarymotors.When synthesizing ATP,
it works as a nanosized electric motor driven by the
electrochemical potential difference of hydrogen ions
�DmH�� generated on the membrane in which this enzyme is
embedded. The electric current running through the F0

protein complex (the intramembranous fragment of F0F1

ATP synthase) drives the rotation of the rotor in the
necessary direction; this, in turn, causes periodic conforma-
tional changes in the F1 protein complex that directly
catalyzes ATP synthesis. F0F1 ATP synthase not only
synthesizes ATP molecules but also hydrolyzes them. In this
case, the `chemical energy' stored in ATPmolecules is used to
rotate the rotor inside the F1 complex. The F1 mechano-
chemical motor drives rotor rotation in the second motor, F0,
functioning as a `proton pump' to generate DmH� . The rotors
of both motors, F0 driven by the energy of DmH� and F1

utilizing the ATP energy, are interconnected. There is direct
experimental evidence that the two motors rotate during the
work of F0F1 ATP synthase (see Section 4).

Today, the biochemical, mechanical, and kinematic
properties of F0F1 ATP synthases of different origins are
known fairly well. There is a substantial body of literature
devoted to various aspects of the structural organization and
mechanism of action of these unique macromolecular motors
(see, e.g., reviews [31, 32, 36±45]. The aim of this article is to
analyze the physicochemical mechanism of the F0F1 ATP
synthase action and consider theoretical models describing
this most important and unusual molecular machine of the
living organism. The review is intended for a wide circle of
readers, physicists, and biophysicists interested in macromo-
lecular machines and nanobiomotors. It is organized into
several levels differing in the degree of detail of the material in
order tomake it understandable and hopefully interesting to a
wider audience. The article consists of 5 sections. Sections 1
and 2 contain general information necessary for understand-
ing the physical mechanisms of the action of molecular
motors. Sections 3 and 4 describe recent advances in the
state of the art. Section 5 deals with mathematical simulation
of rotary molecular motors.

2. ATP, the main energy `currency'
of the living cell

F0F1 ATP synthase complexes embedded in the membranes
of mitochondria and chloroplasts (specialized energy-con-
verting organelles of animal and plant cells, respectively), as
well as bacteria, catalyze the synthesis of adenosine tripho-
sphate (ATP) from adenosine diphosphate (ADP) and
inorganic phosphate (Pi) (see Fig. 1). As mentioned above,
the ATP molecule is the main energy `currency' of the living
cell. The overwhelming majority of energy-consuming biolo-
gical processes, such as biosynthetic reactions, transmem-
brane transport of various molecules, and muscle contrac-
tion, involve the energy-donating reaction of ATP hydrolysis
yielding ADP and inorganic phosphate (Fig. 2).

ATP hydrolysis �ATP�H2O! ADP� Pi� is accompa-
nied by the release of energy that can be used for effective
work. A decrease in the free energy of the system resulting
from ATP hydrolysis in an aqueous solution under the so-
called `standard' conditions (concentration of reagents 1 M,
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Figure 1. Structural formulas of adenosine triphosphosphate (ATP) and

adenosine diphosphosphate (ADP).
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pH 7.0, temperature 25 �C) is DG 0
ATP � ÿ7:3 kcal molÿ1

(30.5 kJ molÿ1) [47±50]. The `standard' enthalpy of ATP
hydrolysis characterizing the thermal effect of the reaction is
DH 0

ATP � ÿ5 kcal molÿ1 [50]. The energy released in ATP
hydrolysis in an aqueous solution dissipates to heat. A major
part of the energy resulting fromATP hydrolysis in biological
systems is not wasted as heat, but is utilized for useful work
(see Fig. 2).

The ATP hydrolysis and synthesis are reversible reactions
�ATP�H2O>ADP� Pi�. In the cell, they are catalyzed by
enzymes (biocatalyzers) respectively known as ATPases and
ATP synthases. ATPase ensures the work of muscular
proteins, biosynthetic reactions, ion transfer across biologi-
cal membranes, and other energy-consuming processes in the
living cell due to the energy of ATP hydrolysis. The energy-
donating hydrolytic reactions proceed parallel to ATP
regeneration, compensating for the utilization of ATP in a
variety of energy-consuming biochemical processes (see
Fig. 2). The synthesis of ATP from ADP and Pi is catalyzed
by ATP synthases using the energy from external sources
(light in photosynthesing organisms, organic matter in
bacteria and animals). F0F1-type ATP synthase complexes,
to which this article is devoted, catalyze both reactions, ATP
synthesis and ATP hydrolysis.

The ATP molecule is an ester of triphosphoric acid and
adenosine, a derivative of adenine and ribose (see Fig. 1).
Although the cleavage of the phosphoester bond in the ATP
molecule releasing ADP and inorganic phosphate �Pi� is an
energetically favorable process that can proceed without ATP
hydrolyzing the enzymes, this reaction is very slow (for
example, the ATP molecule preserves its structure in an
aqueous solution for several months). The fact is that a
relatively high energy barrier must be overcome in order for
covalent bonds between phosphorus and oxygen to be broken
in the ATPmolecule. The reaction is substantially accelerated
in the presence of enzyme catalyzing ATP hydrolysis.
Characteristic turnover times of ATPases of different origins
are 10ÿ4ÿ10ÿ2 s.

ATP synthesis is an energetically unfavorable process,
largely because the phosphate groups of ADP and Pi

molecules in aqueous solutions carry negative charges and a
high energy barrier must be overcome to ensure their
encounter necessary for the formation of a covalent phos-
phoester bond of the ATP molecule. Synthesis of the over-
whelming majority of ATP molecules from ADP and Pi is
catalyzed by specialized protein complexes (ATP synthases)
embedded in energy-converting membranes. Conditions at
catalytic sites of ATP synthases are favorable for ATP
synthesis (see Section 3).

The enzyme catalyzing ATP synthesis requires energy to
be taken from an external source (see Fig. 2), such as solar
light for photosynthesizing organisms, or free energy
resulting from biological oxidation or organic compounds
for animal and bacterial cells (see, e.g., Refs [46±49] for the
details). In plants, ATP is produced in the photosynthetic
electron transfer chain in chloroplasts (Fig. 3a). In animals,
most ATP molecules form in mitochondria functioning as
`energy factories' (Fig. 3b) that use the energy released from
oxidation (combustion) of organic matter (carbohydrates,
fats, proteins) during so-called cellular respiration. This
process is underlain by sequential oxidation of organic
substances to CO2 coupled with electron transfer to
molecular oxygen �O2� following a complex electron trans-
port chain in mitochondrial membranes, which ends in the
O2 absorption (cellular respiration). Electron transport
along the respiratory chain located in the inner membrane
is coupled to transmembrane proton transfer, giving rise to a
transmembrane electrochemical potential difference of
hydrogen ions �DmH��, which serves as a source of energy
for ATP synthase. In chloroplasts, DmH� is generated on the
membrane of thylakoids (closed vesicles in chloroplasts)
(Fig. 3a) containing the photosynthetic electron transport
chain. The function of this DmH� -generating chain is
maintained by solar energy.

The electrochemical potential difference of hydrogen ions
�DmH�� across the membrane (frequently referred to as the
`coupling' membrane) with the in-built ATP synthase com-
plexes (Fig. 3c) is the `proton-driving force' that initiates and
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Figure 2. Schematic illustration of the leading role of the ATP molecule in

coupling energy-donating and energy-accepting processes in the cell.
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directs the work of ATP synthases. The value of DmH� is

DmH� � FDj� RT ln
�H��i
�H��o

; �1�

whereDj � �ji ÿ jo� is the transmembrane electric potential
difference, �H��i and �H��o are hydrogen ion activities
(concentrations) on two sides of the coupling membrane, R
is the universal gas constant,T is the temperature [K], and F is
the Faraday constant.

In energy-converting organelles of animal and plant cells
(mitochondria, chloroplasts) and of bacterial cells, the
`proton potential' DmH� is 160±220 mV (11.6±19.3 kJ Mÿ1).
The largest part of this energy is used to synthesize ATP from
ADP and Pi.

As follows from formula (1), the value ofDmH� , frequently
called the `proton potential,' is the sum of two constituents,
the electric �Dj � ji ÿ jo� and the concentration one, which
originates from the difference between activities (concentra-
tions) of hydrogen ions. The latter constituent is usually
expressed in terms of the transmembrane pH difference,
DpH � pHo ÿ pHi � lg ��H��i=�H��o�. The value of DmH�
expressed in electrical units [V] atT � 298K can be written as

DmH� � Dj� 0:06DpH �V� : �2�
As is known, both components (electric and concentra-

tion) compete as the driving force for ATP synthase [51]. A
major contribution to DmH� in mitochondria is made by the
electric potential difference Dj because the inner membrane
containing ATP synthase complexes is a good dielectric. The
mitochondrial membrane is poorly permeable to ions and
therefore preserves the transmembrane electric potential
difference Dj for a long time; moreover the pH difference is
relatively small due to ion exchange processes, in the course of
which protons transferred across the inner mitochondrial
membrane bind to proteins and other molecules, forcing out
other ions, e.g., K�, into the intermembrane compartment.
The transmembranepotential difference (Dj � 180 ± 200mV)
is maintained by virtue of the electroneutrality of ion
exchange reactions (substitution of one positive ion by
another) [46±48].

In plants, the situation is the opposite. The transmem-
brane electric potential difference Dj is bypassed due to the
relatively high conductivity of thylakoid membranes for
Mg2�, K�, Na�, and Clÿ ions present in plant cells. As a
result, the steady-state electric potential difference is usually
small (Dj < 10ÿ20 mV), but the rather high transmembrane
pH difference DpH � 1:5ÿ2:5 is maintained due to the
permanent transmembrane proton flux created by the work
of the electron transport chain [51±54].

3. Structural and functional organization
of proton ATP synthases

The structure and main principles of the functioning of type-
F0F1 proton ATP synthases have been elucidated in the last
two to three decades. In 1997, British researcher
John E Walker was awarded the Nobel Prize in chemistry
for elucidation of the spatial structure of the F1 protein
complex, involved in that molecular machine. He shared his
part of the prize with American biophysicist Paul D Boyer,
who made a decisive contribution to the understanding of the
mechanism of ATP synthesis. In what follows, we briefly
consider structural and functional properties of ATP
synthase.

3.1 The structure of proton ATP synthase
Figure 4 schematically presents the structure of F0F1-type
ATP synthase embedded in an energy-converting membrane.
The characteristic thickness of the membrane built up by lipid
molecules (fat-like molecules constituting the main structural
component of biological membranes) is 5 nm. A macromole-
cular complex of F0F1 ATP synthase consists of three
morphologically distinct components: two relatively large
protein complexes F1 and F0 (with F1 exposed to the aqueous
phase and F0 embedded in the membrane) and a `pedicle'
connecting these complexes. In early ATP synthase studies,
the protein complexes F1 and F0 were referred to as `coupling
factors' [46±49]. The intramembranous portion of this
enzyme complex �F0� is a hydrophobic (water-insoluble)
protein. The other large fragment, the `coupling factor' F1,
protrudes outside the membrane in the form of a spherical
structure. In chloroplasts, F0F1 ATP synthase is embedded in
thylakoid membranes (shown schematically as closed oblong
vesicles in Fig. 3a), with the `coupling factor' F1 oriented
toward the outer side, called stroma. In mitochondria, F0F1

ATP synthase is embedded in the inner membrane and the F1

complex faces the matrix (the inner part of the mitochon-
drion).

The F1 protein complex in plants and bacteria consists of
nine protein subunits �a3b3gde� and has catalytic sites at
which reactions of ATP synthesis and hydrolysis occur. The
isolated, i.e., nonmembranous, F1 complex is adenosine
triphosphatase (ATPase) that catalyzes ATP hydrolysis. The
`coupling factor' F0 embedded in the membrane (ab2cn
protein complex) contains a proton-conducting channel; this
complex ensures coupling between energy-donating processes
of proton transport across the membrane and energy-
accepting reactions of ATP synthesis that occur at the
catalytic sites of F1. The protein complexes F1 and F0 in
bacteria, cyanobacteria, and chloroplasts of higher plants
have a similar subunit composition, a3b3gde and ab2cn,
respectively. Mitochondrial F0F1 ATP synthase additionally
contains several minor subunits [47, 48].

During ATP synthesis, the proton flux through ATP
synthase is directed toward F1 via F0 (Fig. 3c). Protons are
transferred via F0 in the opposite direction during ATP
hydrolysis (Fig. 3d). In this case, the enzyme functions as a
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proton pump (motor±generator) that produces DmH� by
utilizing the ATP energy.

3.1.1 F1 protein complex. The structure and spatial arrange-
ment of the F1 complex are well known. Details of the 3D
structure of ATP synthases of various origins were elucidated
by X-ray structural analysis. In 1994, Walker and co-workers
were the first to report the atomic structure of the F1 complex
from bovine heart mitochondria (F1 ATP synthase) at a 2:8 A

�

resolution [55]. Subsequently, plant and bacterial F1 ATP
synthases were described [56, 57].

Each of these F1 ATP synthases is shaped as a globule
� 10 nm in diameter formed by three a-subunits and three
b-subunits packed into an a3b3 hexamer, an ensemble of six
protein subunits. Homologous a- and b-subunits are poly-
peptide chains having a similar amino acid sequence and
composition with minor differences. All the three b-subunits
in the a3b3 hexamers have a similar composition but different
conformation. The same is true of a-subunits. The central
cavity of a3b3 contains an extended and slightly bent
g-subunit that protrudes outside from the globular a3b3
hexamer (Fig. 4a). Figure 4b shows a model of the spatial
structure of F0F1 ATP synthase reconstructed from the
results of X-ray structural analysis [55]. Individual subunits
of the enzyme are shaded differently.

The a3b3 ensemble has the shape of a slightly flattened
ball 8 nm in height and 10 nm in width. The ball has a
hollow into which the g-subunit is inserted, resembling a
slightly bent shaft about 9 nm in length. Part of the
g-subunit protrudes from the a3b3 hexamer 3 nm toward the
intramembranous F0 complex. This fragment of g is linked
to a relatively small e subunit that regulates the enzyme
activity. The mobile g and e subunits are components of the
`rotor' that rotates with respect to the `stator' (the a3b3
hexamer). The d-subunit is located on the outer side of F1

and plays an important structure-forming role; it is linked
to b-subunits extending as projections from the intramem-
branous portion of the F0 complex. The a3b3g complex of
seven subunits is the minimal structure capable of catalyzing
ATP hydrolysis. The a3b3 protein complex contains the
catalytic sites of the enzyme at which ATP synthesis and
hydrolysis occur.

3.1.2 F0 protein complex. The hydrophobic (water-insoluble)
protein complex F0 embedded in the membrane makes up a
base towhich the F1 complex is attached. It consists of a single
a-subunit, two b-subunits, and several (9±14) identical
replicas of a smaller c-subunit. The F1 complex exposed to
the aqueous phase is connected with the F0 complex via two
b-subunits that protrude from the membrane toward F1.
These subunits serve as fixed support structures linking F1

and F0. One a-helical segment of each b-subunit is embedded
into the membrane, and the remaining part of the b-subunit
protrudes from the membrane toward the F1 complex and is
attached to the d-subunit on its surface (see Fig. 4). In
addition, the F1 and F0 complexes are interconnected via the
g-subunit that extends from the a3b3 hexamer to attach to the
intramembranous ring cn.

The cn ring is formed by an ensemble of n c-subunits. Each
c-subunit in the cn complex is a relatively small protein in
which two hydrophobic a-helices are connected via a short
hydrophilic loop oriented toward F1. In plants, the cn ring
consists of n � 14 c-subunits [58]; in yeast mitochondria,
n � 10 [59]. The cn ring is adjoined by a hydrophobic

a-subunit also embedded into the membrane. Its polypeptide
chain has six a-helical segments that traverse the membrane.
The g-subunit protrudes from the F1 complex as far as the
central part of the cn `ring.'

3.1.3 Proton-conducting pathway. The work of F0F1 ATP
synthase depends on the directional rotation of its `rotor'
formed by the cn ring connected to the g- and e-subunits (see
Fig. 4). The rotor is driven by a torque created by the proton
flux through F0F1 ATP synthase. In chloroplasts, the flux is
directed outward, from the intrathylakoid space to the
stroma; in mitochondria, the flux of hydrogen ions has the
opposite direction, from the intramembranous space to the
matrix. The proton channel through which hydrogen ions are
transported from the region of a high proton potential (`acidic
pool') to the region of a low proton potential (`alkaline or
basic pool') is connected with the F0 complex. Blockading this
channel by inhibitors suppresses rotation of the rotor and
ATP synthesis.

Protons transferred through F0F1 ATP synthase pass via
F0 along special `channels' at the a±c-subunit interface. This
pathway includes the following functionally important
elements of the macromolecular construction (see Fig. 4):

(1) The cn ring. The central part of each c-subunit contains
a carboxyl group capable of binding a proton incoming from
the acidic pool �RÿCOOÿ �H� ! RÿCOOH� and releas-
ing it into the alkaline pool �RÿCOOH! RÿCOOÿ �H��.

(2) Two proton channels in the intramembranous part of
F0F1 ATP synthase. One is located closer to the side of the
membrane that faces the region with a high hydrogen ion
concentration (`acidic pool'). This channel serves to deliver
protons to the adjacent deprotonated group of the c-subunit
�RÿCOOÿ �H� ! RÿCOOH�. Through the other chan-
nel exposed to the opposite side of the membrane, protons
dissociate into the region with a low hydrogen ion concentra-
tion (`alkaline pool'). Being noncoaxial, the two channels are
disconnected.

Amino acid residues of a- and c-subunits containing
protonatable groups play a leading role in the work of the
proton channels in F0F1 ATP synthase. These groups can
retain and exchange protons. They are found in the residues
of aspartate (Asp), arginine (Arg), histidine (His), and
glutamate (Glu). The key role in proton transport through
F0F1 ATP synthase of E. coli is played by the carboxyl group
of aspartic acid in the c-subunit (Asp61, the number 61
indicating the position of the residue in the amino acid
sequence counted from the N-terminus of the c-subunit
polypeptide chain). Another important amino acid partici-
pating in proton transfer is arginine (Arg210) in the a-
subunit. The guanidine group of Arg210 has a positive
charge. The putative arrangement of these groups and the
main stages of proton transfer via F0 are shown in Fig. 5.
Other amino acid residues of the a-subunit may also be
involved in proton transfer through F0F1 ATP synthase, but
their role in the creation of angular momentum is far less
important than that of Asp61 and Arg210.

3.2 The mechanism of action of F0F1 ATP synthase
3.2.1 Catalytic sites of proton ATP synthase. Reactions of
ATP synthesis and hydrolysis occur at catalytic sites of F0F1

ATP synthase located in the F1 protein complex. When
separated from the membrane, this complex no longer
synthesizes ATP because it cannot use the energy of the
transmembrane proton potential difference DmH� . At the
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same time, the isolated complex containing even a minimal
set of structural elements, a3b3g, continues to efficiently
catalyze ATP hydrolysis; this reaction is energetically
favorable and requires no energy from an external source.

The F1 complex is known to have six binding sites for
nucleotides (ATP or ADP) [36, 37]. Three of them are
catalytic centers in which ATP synthesis and hydrolysis
occur. Three others tightly binding nucleotides are not
directly involved in these reactions. They are supposed to
regulate the enzyme function [36, 37].

The catalytic sites are located in the clefts (`pockets')
between neighboring a- and b-subunits of the a3b3 hexamer
(Fig. 6). Most functionally important groups of amino acids
participating in the formation of catalytic sites belong to
b-subunits. Site-directed mutagenesis experiments with selec-
tive substitution of amino acids demonstrated the key role
of four residues in ATP synthesis and hydrolysis, three
(b-Lys162, b-Arg189, and b-Glu188) on the b-subunit and
one (a-Arg373) on the a-subunit (see Fig. 6; the nomenclature
of amino acids corresponds to that of the bovine heart
mitochondrial F1-ATPase sequence [55]). These residues
form a `favorable' substrate (ADP and Pi) environment for
ATP synthesis. The negative charges of the oxygen atoms in
ADP and Pi are shielded by the positively charged groups of
b-Lys162, b-Arg189, a-Arg373, and Mg2� ion bound to
ADP. As a result, the energy barrier for ATP synthesis from
ADP and Pi decreases.

The three catalytic sites of F1F0 ATP synthase exhibit
different affinities for ATP, ADP, and Pi. The difference can

be accounted for as follows: all three a-subunits and three
b-subunits making up the catalytic sites of the enzyme have a
different conformation at each given instant due to con-
formational lability. X-ray studies of the structure of
F1-ATPase (a3b3g complex) from bovine heart mitochondria
[55] showed that one of the catalytic sites in the crystallized
protein contains an ATP molecule (to be precise, its
nonhydrlolyzable analog AMPÿPNP). The oxygen atom
between the second and the third phosphorus atoms in the
AMPÿPNP molecule is replaced by nitrogen, which pre-
vents hydrolysis of AMPÿPNP during crystallization. The
second catalytic site is occupied by ADP and the third
remains vacant. Evidently, the different affinities of these
sites for nucleotides (ATP and ADP) is due to their
structural differences. 1 The catalytic site containing tightly
bound ATP has a `closed' conformation �bTP�. The ADP-
containing catalytic site is also closed, but its conformation
bDP is somewhat different from the bTP conformation. The
empty site has an `open' bE conformation. Penetration of
substrates into the catalytic site bE, unlike bTP and bDP, is
sterically unrestricted. This structural feature of F1-ATPase
is equally characteristic of F1-ATPases isolated from other
organisms [57]. However, the bTP and bDP catalytic sites in
some of the studied crystal structures composed of a3b3g are
filled in a different manner. According to Refs [60, 61], two
catalytic sites contain ATP and the third remains vacant. It is
supposed that these differences reflect different fixed con-
formational states of the enzyme depending on crystal-
lization conditions.

Different properties of the bE, bDP, and bTP catalytic sites
are due to asymmetry of the a3b3g complex. Probably, b- (and
a-) subunits have different conformations because the a3b3
hexamer contains an extended bent g-subunit. Conforma-
tional variability is attributable to the flexibility of a- and
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1 Here and hereafter, it is implied (unless noted otherwise) that ATP and

ADP molecules showing high affinity for Mg2� ions form ATPÿMg2�

and ADPÿMg2� complexes (see Fig. 1). Mg2� ions are known to always

participate in the processes proceeding in the catalytic centers of most

known ATPases [36, 49].

898 Yu M Romanovsky, A N Tikhonov Physics ±Uspekhi 53 (9)



b-subunits, whose structure changes during rotation of the
g-subunit. Each b-subunit has two large domains (shown in
Fig. 7 using dark and light shading) connected by a `hinge.'
The angle b characterizing the mutual arrangement of these
domains changes by approximately 30� as the bent g-subunit
rotates (see Figs 7a and 7b). At the same time, the
conformation of a-subunits changes less significantly.

The structural flexibility of the three b-subunits making
contact with different sides of the bent g-subunit thus
enables them to acquire different conformations. Hence,
the structural differences between the catalytic sites are
manifested as their different affinities for ATP, ADP,
and Pi. We emphasize that the bent g-subunit is responsible
for the asymmetry of the a3b3g complex and, accordingly,
for the different properties of the bE, bDP, and bTP catalytic
sites. Indeed, the X-ray structural analysis showed that an
artificial a3b3 complex without a g-subunit is symmetric
(with the C3 symmetry) and all b- (and a-) subunits have a
similar conformation [63].

An important structural feature of b-subunits is the
characteristic loop extending toward the g-subunit (see
Figs 6 and 7). This fragment of the polypeptide chain,
called DELSEED after its amino acid sequence, contains
five negatively charged residues (DÐaspartate, EÐgluta-
mate), one positively charged (LÐ lysine), and one neutral
(SÐ serin). The fragment of the g-subunit adjacent to
DELSEED mostly contains positively charged residues.
Interaction between the closely located charged fragments
of b- and g-subunits ensures mechanical coupling between
these most important units of the macromolecular structure
of F1-ATPase. Due to the close contact between these
fragments, a conformational change in a b-subunit induced
by ATP binding to the catalytic site creates the torque that
turns the rotor (rotation of the g-subunit induced by ATP
hydrolysis).

On the other hand, forced rotation of the g-subunit
connected to the rotor of the F0 electric motor (which rotates
using the energy ofDmH� ) causes conformational changes to a
b-subunit. They lead to a change in the state of catalytic sites
of F1 and synthesis of ATP from ADP and Pi. Drawing an
analogy with macroscopic motors, it may be said that the

eccentric g-subunit rotated by the F0 electric motor plays the
role of a `crankshaft' 2 that pushes b-subunits.

3.2.2 Catalytic cycles of ATP synthesis and hydrolysis. The
work of F0F1 ATP synthase is accompanied by a structural
rearrangement of the molecule, leading to synchronous
changes in the state of all three catalytic sites. This section
deals with the changes associated with rotor (g-subunit)
rotation inside the a3b3 hexamer and their relation to ATP
synthesis and hydrolysis reactions.

Unicentral catalysis. Mechanochemistry of ATP hydrolysis.
We first consider the simplest scenario leading to ATP
hydrolysis in a catalytic center of the enzyme. This scenario
corresponds to the so-called unisite mechanism of catalysis
realized at extremely lowATP concentrations (� 1 nM) when
only one of the three sites contains an ATP molecule.
Investigations of the unisite mechanism of catalysis have
allowed evaluating energetics of the key stages of ATP
hydrolysis [36, 64±68].

The sequence of these events can be written in a simplified
form as

ÿ!ATP hydrolysis

E�ATP>EATP > ~EhATPi> ~E
hPii
hADPi>E�hADPi � Pi >

 ÿ
ATP synthesis

>E�ADP� Pi ; �3�
where E denotes an empty catalytic site, EATP and ~EhATPi
denote catalytic sites respectively containing a weakly and a
tightly bound ATP molecule, ~E

hPii
hADPi is the catalytic site

containing ADP and Pi, and E�hADPi is the ADP-containing
site.

The ATP hydrolysis and synthesis reactions are regarded
as a sequence of individual reactions (3) proceeding in
opposite directions.

We consider the energetics of the processes described by
Eqn (3). The first act in the scenario leading to ATP
hydrolysis is the binding of ATP to the enzyme. Its empty
catalytic site exhibits high affinity for an ATP molecule. The
binding is an energetically favorable process characterized
under `standard' conditions by a decrease in the free energy
DG 0
hATPi � ÿ�14ÿ16� kcal molÿ1 [64±68]. 3 ATP binding

occurs as a sequence of several elementary stages. The first is
the diffusion of ATP from the solution into the open cleft
between the adjacent a- and b-subunits housing the catalytic
site. This process accelerates as the ATP concentration in the
solution increases. ATP entry into the catalytic site induces a
structural rearrangement of the protein, which results in the
closure of the open catalytic site (Fig. 8). Structural analysis

a g b
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C

B
B

a b

g ba

Figure 7. Position of the g-subunit between the opposite a- and b-subunits:
(a) `open' conformation of a substrate-free catalytic site, (b) `closed'

conformation of a catalytic site containing Mg2�ÿATP. The data are

based on the results of X-ray structural analysis of bovine heart

mitochondrial F1-ATPase [55]. Bottom insets show a change in the

mutual arrangement of a-helical fragments B and C in the `hinge' region

of a b-subunit related to its structural rearrangement after binding anATP

molecule (Fig. 3 from [62] with modifications).

2 Animations illustrating conformational changes of ATP synthase and its

subunits are freely available online at Walker's site (http://www.mrc-

mbu.cam.ac.uk/research/atp-synthase/molecular-animations-atp-syn-

thase). Some papers by G Oster and H Wang also contain references to

various animations of this enzyme (see the references).
3 We note that these DG 0 values characterize changes in the free energy

under `standard' conditions (the concentration of reagents 1 M, the

temperature 25 �C, and pH � 7:0) in accordance with the formula

DG 0 � ÿRT lnKeq, where Keq is the equilibrium constant of the reac-

tion,R is the universal gas constant, and T is the temperature [K]. Because

the free energy of ATP hydrolysis depends on the concentration of

reagents as DGATP � DG 0 � RT ln f��ADP� � �Pi��=�ATP�g, the value of

DGATP in real conditions may be significantly different from DG 0 [49].
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of F1-ATPase and molecular dynamics calculations in [69]
have allowed reconstructing the sequence of events related
to the ATP binding. ATP penetration into the open cleft of
the catalytic site is followed by the formation of 15±
20 hydrogen bonds between ATP and amino acid residues
of the catalytic site. ATP-induced conformational changes
first affect the spatial structure of the b-subunit, where one
domain rotates with respect to the other. As mentioned
above, these changes are associated with a turn of the
g-subunit (see Section 3.2.1). They result in the closure of
the formerly open catalytic site that holds the ATP molecule
by hydrogen bonds. Their number increases to 15±20 as the
catalytic site closes. Eventually, the ATP molecule is caught
between two loops of the b-subunit and positively charged
a-Arg373 of the a-subunit. Mg2� plays an important role in
the ATP transition from a weakly bound to a tightly bound
state. Some authors [70] maintain that the energy of ATP
binding partly (� 40%) transforms into the energy of elastic
strain related to the bending of the b-subunit and deforma-
tion of its polypeptide chain segments forming the catalytic
site. It is believed that the elastic strain energy of the
b-subunit binding ATP is used for the work of other
catalytic sites of F1-ATPase [70].

Conditions inside a closed catalytic site favor rapid
ATP hydrolysis. It was shown that multiple reversible
interconversion of ATP and ADP �ATP�H2O> ADP�Pi�
occurs in the closed site without energy consumption from
an external source [36]. The equilibrium constant of this
reaction is close to unity (Keq � 0:5ÿ2:9 [64±68]). This
means that the free energy of the ATP�H2O>ADP� Pi

reaction at a closed catalytic site tends to zero:
DG 0
hATP>ADP�Pii � 0 kcal molÿ1. In other words, the ATP

hydrolysis and synthesis reactions at the site do not
require external energy. This confirms that the environ-
ment of ADP and Pi molecules at the catalytic site is
favorable for the formation of covalent bonds between
their phosphate groups.

The products of ATP hydrolysis dissociate into the
solution. Evidently, this process is promoted by the repulsion
of negative charges located near ADP and Pi molecules,
which weakens the Pi binding to the catalytic site. As is
known [64±68], dissociation of Pi is an energetically favor-
able process, with DG 0

hPii � ÿ�0:5ÿ4� kcal molÿ1. The ADP
molecule remaining after the Pi dissociation retains affinity

for the catalytic site, and the `standard' free energy of ADP
dissociation is DG 0

hADPi � 7ÿ12 kcal molÿ1. The complete
ATP hydrolysis cycle (Fig. 9) is an energetically favorable
process (DG 0

ATP$ADP�Pi
� ÿ�7ÿ8� kcal molÿ1) that may

occur spontaneously.
Realization of the process described by Eqn (3) leading to

ATP synthesis is energetically unfavorable because it requires
energy from an external source. Therefore, isolated F1-
ATPase is itself incapable of synthesizing ATP. However,
under certain experimental conditions (see Section 4.1 below),
even isolated F1-ATPase may produce ATP using an external
force that causes rotation of the g-subunit. In what follows,
we discuss at greater length how enzymatic catalysis accel-
erates ATP synthesis and hydrolysis reactions and which
factors influence their rates.

Multicentral catalysis. Enzymes accelerate reactions that are
very slow in their absence, e.g., spontaneous ATP hydrolysis.
As mentioned above, the final stage in the sequence of
reactions (3) leading to ATP hydrolysis is the energetically
unfavorable ADP dissociation �DG 0

hADPi > 0�, which leads to
a decrease in the overall hydrolysis rate. This probably
explains why ATP hydrolysis by the unisite mechanism is
five to six orders of magnitude slower than under real
conditions, when a few catalytic sites are involved in the
enzyme action (multisite catalysis [36, 37]). In this section, we
show how the cooperation of several catalytic sites function-
ing in concert significantly (by 105ÿ106 times) accelerates
enzymatic reactions exemplified by ATP synthesis and
hydrolysis. Due to such cooperation, realization of the
energy-consuming stage (e.g., liberation of ADP from the
catalytic site, DG 0

hADPi > 0) is promoted by the energetically
favorable process (ATP binding, DG 0

hATPi < 0) in the other
part of the enzyme. The catalytic centers in which energy-
donating and energy-accepting processes occur are spatially
separated but closely coupled via common elements of the
macromolecular structure (in the case of F0F1 ATP synthase,
it is the g-subunit making contact with different subunits of
the a3b3 hexamer).

After preliminary remarks on the cooperation between
catalytic sites, we consider the catalytic cycle ofATP synthesis
at greater length. We note that high intracellular concentra-
tions of ATP and ADP (� 1ÿ10 mM) predetermine the
multisite regime of enzyme action in which several (two or
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three) nucleotides are simultaneously bound to different
catalytic sites. Under these conditions, such sites involved in
the ATP synthesis and hydrolysis function cooperatively. The
central role in the coordination of the work of different
catalytic sites is played by the rotating g-subunit that ensures
synchronous changes in the state of all three sites, which
sequentially affect the affinity of each site for the substrates
and products of the reaction.

We consider the ATP synthesis processes taking the
cooperative interaction between all subunits of the enzyme
into account. Figure 10 depicts three catalytic sites: 1 is the
`open' site accessible for the substrates (ADP and Pi), 2 is the
`closed' site with tightly boundADP and Pi molecules capable
of conversion into ATP, and 3 is the `closed' site binding an
ATP molecule. The vacant catalytic site (open site 1) binds
ADP and Pi. It closes under the effect of conformational
changes in the enzyme caused by rotor rotation through 120�

(transition from state 1 to state 2). As a result, the ADP and Pi

molecules find themselves in conditions favoring ATP
synthesis without external energy. As noted above, the ATP
production from ADP and Pi in the closed catalytic site
requires no energy from an external source.

The next turn of the g-subunit through 120� brings each
of the three catalytic sites into a new state. The site in state 2
passes to state 3 in which it contains the ATP molecule
produced from ADP and Pi without energy consumption.
Importantly, this does not mean a violation of the energy
conservation law. Indeed, the ATP molecule formed in this
way remains tightly bound to the closed catalytic site and
cannot be used for producing any effective work. The energy
from an external source is needed to liberate this molecule
and make it available for energy `consumers.' Such a source
is the electrochemical potential difference DmH� of hydrogen
ions, which ensures rotation of the rotor of the F0 electric
motor. One more turn of the rotor through 120� again
changes the state of the catalytic sites. Association of ATP
with the enzyme weakens and it dissociates into the solution.
Site 1 returns to its initial free state (transition from state 3 to
state 1).

We emphasize that the successive changes in conforma-
tional states of catalytic sites described above (see Fig.10,
transitions 1! 2 ! 3) result from the structural rearrange-
ment of the enzyme initiated by rotor rotation using the
energy from an external source �DmH��. The cooperative
character of such rearrangement accounts for its simulta-
neous effect on the state of all the three catalytic sites present
in the a3b3 hexamer. During the three successive turns of the

rotor through 120�, i.e., its complete revolution, each
catalytic site binds ADP and Pi molecules and releases one
ATP molecule into the solution. Because ATP synthase has
three catalytic sites, a new ATP molecule appears in the
solution after each turn of the rotor by 120�.

This scenario corresponds to the so-called `binding-
change' mechanism proposed by Boyer [36, 37]. His hypoth-
esis is based on two key postulates: (1) ATP synthesis from
ADPand Pi in the active center of the enzyme does not require
energy from an external source, (2) liberation of the tightly
bound ATP molecule from a catalytic site is an energy-
consuming process. Weakening of the ATP binding is due to
the energy-dependent cooperative reorganization of the
enzyme molecule (see the comprehensive review [36] for the
history of the problem and different variants of the `binding-
change' mechanism). Experimental data on the structure of
F0F1 ATP synthase are in good agreement with Boyer's
mechanism of the action of this enzyme. Experimental
evidence of the role of rotor rotation in the work of F0F1

ATP synthase is presented in Section 4.1.
As shown above, F0F1 ATP synthase is a reversible

molecular machine, which means that the g-subunit can
rotate in the opposite direction in the presence of excess
ATP molecules and in the absence of a proton potential.
Under these conditions, the enzyme catalyzes ATP hydrolysis
(ATP binding!ATP hydrolysis! dissociation of Pi and
ADP). It is generally accepted that the ATP hydrolysis is the
inverse of ATP synthesis (3). But concrete pathways of
synthesis and hydrolysis do not necessarily coincide [2, 71]
because the structural states of the enzyme catalyzing direct
(ATP synthesis) and inverse (ATP hydrolysis) reactions may
be significantly different. There are special biophysical and
biochemical mechanisms regulating the activity of F0F1 ATP
synthase by switching between its operation modes (catalysis
of direct and inverse reactions; see [71] for the details). These
mechanisms serve to optimize bioenergetic processes in the
cell when its metabolic status (ATP=ADP ratio, and so on)
changes. An important role in the switchover mechanism of
F0F1 ATP synthase (ATP synthesis/hydrolysis) is played by
the e-subunit linked to the g-subunit and located close to the
cn ring. A detailed analysis of this issue is beyond the scope of
this review.

4. Proton ATP synthase:
a rotating molecular motor

4.1 Experimental evidence of the rotor rotation
The available experimental data provide convincing evidence
of the rotor rotation during the work of F0F1 ATP synthase.
One group of experiments demonstrated the loss of enzyme
activity when the rotor was fixed with respect to the stator.
Experiments of the second group were designed to visualize
rotor rotation by biophysical methods.

The first data that confirmed the rotor rotation in F1-
ATPase were obtained in experiments with chemical linking
of the g-subunit to one (radioactively labeled) of the three
b-subunits based on theÿSÿSÿ bond formation between the
adjacent cysteine residues of b- and g-subunits [72±74]. It
turned out that such artificial immobilization of the g-subunit
inhibited both hydrolysis and synthesis of ATP. The break of
the linkage �ÿSÿSÿ ! ÿSH�HSÿ� restored enzymatic
activity and the ability of ATP synthase to hydrolyze ATP.
After the repaired enzyme worked for some time, the b- and
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Figure 10. (a) Illustration of energy-dependent changes in the state of

catalytic sites of F0F1 ATP synthase. (b) Mutual arrangement of a-, b-,
and g-subunits (see also Fig. 6) in F1-ATPase deduced from the results of

X-ray structural analysis [55].
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g-subunits were linked again. The new linkswere not confined
to the labeled subunit originally bound to the g-subunit,
but proved to be uniformly distributed between the three
b-subunits. This finding suggested rotation of the g-subunit in
the presence of ATP.

Rotation of the g-subunit during the work (ATP hydro-
lysis) of F1-ATPase was demonstrated in [75±77] using
fluorescent eosin covalently bound to the g-subunit.

Direct observation of rotor rotation in an individual F1-
ATPase molecule was for the first time undertaken in 1997
by a group of Japanese researchers [78]. The macromole-
cular a3b3g complex was attached to a hard substrate by
artificial `tails' fastened to b-subunits. Visualization of the
g-subunit rotation was made possible by the attachment of a
macromolecular marker (� 1 mm long fluorescently labeled
actin filament) to its end projecting from the a3b3 hexamer
(Fig. 11a). Microscopic observation of the fluorescent
marker allowed elucidating the kinematics of the direc-
tional (counterclockwise) rotation of the g-subunit with
respect to the immobilized a3b3 hexamer (Fig. 11b). It
turned out that the directional rotation of the g-subunit
depended on the availability of the chemical `fuel,' i.e., the
ATP molecules. The direction of rotation was consistent
with that predicted from the results of X-ray structural
studies of the filling of catalytic sites by ATP and ADP
molecules [78±80]. The rotation occurred in discrete steps of
120�. The mean rotor rotation rate increased to 10 rps with
an increase in the ATP concentration in the solution
surrounding the enzyme and a decrease in the marker
length. Only occasional rare turns in either direction due
to thermal fluctuations could be seen in the absence of ATP.
Subsequent studies revealed the directional rotation of
markers attached not only to the g-subunit but also to
other rotor elements, such as the cn ring and e-subunit [81].
Finally, the `relativity' of the rotational motion initiated by
the ATP hydrolysis was demonstrated. Experiments with

the cn ring immobilized on the substrate showed rotation of
the marker attached to the a3b3 complex [82].

In subsequent experiments (see, e.g., Ref. [83]), themarker
was a gold bead 40 nm in diameter instead of the long
(� 1 mm) actin tail (Fig. 12a). This permitted significantly
decreasing the hydrodynamic resistance of the medium that
slowed down the rotor rotation. The rotation of the bead
tightly `glued' to the g-subunit with the protein streptavidin
could be seen through a microscope (Fig. 12b). The measur-
ing cell containing such a chimeric system placed under the
microscope was illuminated by a laser beam. The experi-
mental setup was designed such that only light scattered by
the bead penetrated through the objective. Movements of the
light spot served as indicators of bead rotation. This
experiment allowed increasing the time resolution of the
F1-ATPase rotor rotation. Figures 12c, d are typical pictures
of nanosize bead rotation during hydrolysis at different ATP
concentrations [83]. At low concentrations (20 mM), each
turn of the rotor through 120� is a two-phase event. A rapid
turn by 80�ÿ90� (for 4 0:25 ms) is followed by a 40�ÿ30�
turn after a pause of � 2 ms . The authors of [83] argue that
phase 1 (80�ÿ90� turn) corresponds to the entry of ATP into
a catalytic center and its hydrolysis there, and phase 2
(40�ÿ30� turn) corresponds to the dissociation of the
reaction products (ADP and/or Pi).

The average bead rotation rate increases with the ATP
concentration, probably because its waiting time at the empty
catalytic site decreases. In this case, the two phases or rotor
rotations can merge into one (Fig. 12d) because the next ATP
molecule occupies the catalytic site almost immediately after
it becomes vacant (40�ÿ30� phase) and initiates the turn by
80�ÿ90�.

The relation between the rotor rotation kinematics and
chemical stages of ATP hydrolysis was thoroughly investi-
gated in [84±89]. Figure 13 schematically illustrates changes in
the properties of catalytic sites initiated by rotor rotation. The
figure represents two possible scenarios demonstrating the
relation between mechanical (rotor rotation) and chemical
[ATP binding by the enzyme, ATP hydrolysis at a catalytic
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site, dissociation of reaction products (ADP and Pi)]
processes. These scenarios reflect bisite (Fig. 13a) and trisite
(Fig. 13b) mechanisms of ATP hydrolysis (see Refs [36, 37,
90±94] for the details).

A beautiful work published in 2004 gave direct evidence
that isolated F1-ATPase containing even a minimal set of
structural elements, a3b3g, functions as a reversible molecular
machine [95]. It was shown that F1-ATPase can function in
one of the two regimes (ATP synthesis or hydrolysis),
depending on the direction of forced rotor rotation. Rota-
tion of the rotor in a desirable direction was achieved by
attaching amagnetic `handle' (magnetic bead, Fig. 14a) to the
g-subunit. F1-ATPase molecules with magnetic `handles'
were fixed in a cell placed inside a system of controlled
electromagnets rotating g-subunits either clockwise or coun-
terclockwise (Fig. 14b).

The results of the experiments were highly impressive. The
clockwise rotor rotation (with the F1-ATPase molecule
viewed from the side of the g-subunit projecting from a3b3)
promoted ATP synthesis from ADP and Pi, and the number
of newly formed ATPmolecules increased with an increase in
the `handle' rotation rate (Fig. 14c). Rotation of the `handle'
in the opposite direction was associated with ATP hydrolysis.
The first-ever experimental evidence was thus obtained that
isolated F1-ATPase can function as a reversible molecular
machine synthesizing or hydrolyzing ATP, depending on the
direction of rotor rotation.

When F0F1 ATP synthase is embedded in a biological
membrane, the direction of rotor rotation depends on which
of the two motors creates the torque. Rotation of the rotor of
a membranous electric motor (cn ring) driven by the energy of

the proton potential DmH� favors ATP synthesis. The
hydrolysis regime (the excess of ATP and a low DmH� value)
is maintained by the mechanochemical motor rotating the
g-subunit in the opposite direction, with the ATP energy
being used to generate DmH� . This mechanism is reminiscent
of thework of a dynamomachine operating in two regimes, as
an emf-generator driven by forced rotor rotation and as an
electric motor rotating in the opposite direction when the
induced emf is fed to the winding of the electromagnet. This
allows regarding the F0F1 complex as a `motor±generator.'

One more biophysical method for registration of rotor
rotation in F0F1 ATP synthase is based on the fluorescence
resonance energy transfer (FRET) [12, 96, 97], well known in
optics and widely used in biophysics. In this method, two
molecules of fluorescent dyes are inserted into the system of
interest (the a3b3g macromolecular complex) (Fig. 15). One
molecule (Cy3) attached to the immobile b-subunit is excited
by light of the wavelength 532 nm and emits light at
lmax � 570 nm. Another molecule (Cy5) is attached to the
rotating g-subunit and emits at lmax � 670 nm.When the two
dyes are sufficiently close, the Cy3 molecule excited by the
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light of the wavelength 532 nm transmits excitation to Cy5, as
can be seen from the Cy5 fluorescence at lmax � 670 nm
(Fig. 15a). As the distance between Cy5 and Cy3 increases
under the effect of rotor rotation, the fluorescence at
lmax � 670 nm fades away and only Cy3 continues to emit
at lmax � 570 nm (Fig. 15b). This method is used in
biophysics to register rotation of various macromolecular
rotors [12].

The FRET technique was used to study rotor rotation
in F0F1 ATP synthase. An advantage of this method is that
rotor rotation is unhampered by relatively large markers
(actin filaments or nanosized beads). Moreover, the work
of F0F1 ATP synthase labeled by low-molecular-weight
fluorescent dyes can be studied in model systems maxi-
mally consistent with the natural energy-converting intra-
cellular apparatus. For example, fluorescence-labeled
F0F1 ATP synthase molecules were built into liposomes
(nanosize vesicles from membranes built up by lipid
molecules) resembling chloroplast thylakoids. In such
hybrid systems, the g-subunit rotated in both ATP
hydrolysis and ATP synthesis regimes. In the first case,
the motor was driven by the energy of ATP molecules, and
in the second case, by the rotation of the second motor, the
cn ring. The cn ring of the intramembranous F0 fragment
was in turn rotated by the proton flux through F0 when the
pH difference �DpH� was artificially created across the
liposome membrane [97]. It was thus proved that rotor
rotation occurs in both the hydrolysis and synthesis of ATP
when the energy source is DpH.

4.2 Torque generation mechanisms and motor efficiency
4.2.1 Mechanochemical motor of F1-ATPase. Structural
studies showed the presence of two regions of close contact
between the rotor (g-subunit) and the stator (see Figs 6a, 7)
that serve as specific `gates' allowing the substrate and
reaction product access to the catalytic sites of F1-ATPase.
One contact region is situated in the central `pocket' of the
a3b3 hexamer (`gate 1') into which the extended eccentric `tail'
of the g-subunit is sunk. The other contact region is located
outside, near the outer edge of the a3b3 hexamer cavity, where
the g-subunit adjoins the DELSEED loop of the b-subunit
(`gate 2'). According to Ref. [31], ATP reaches the empty
catalytic site through `gate 1' �G1 � gGln255�. Pi formed
during ATP hydrolysis in all probability leaves the catalytic
site via `gate 2' �G2 � gArg228�. The torque arising at this site
causes a turn of the g-subunit in the course of conformational
rearrangement of the adjacent b-subunit.

Indeed, experiments with F1-ATPase mutants having
g-subunits with truncated `tails' (preventing their contact
with the stator in the depth of the cavity) showed that even
in such defective molecules, the g-subunit rotated in the right
direction. This means that the torque is created mostly due to
the interaction between the b- and g-subunits at the periphery
rather than in the depth of the cavity. Both structural data
and results of calculations show [98] that the leading
contribution to the angular momentum is made by electro-
static interactions of charged amino acid residues in the
region of the contact between b- and g-subunits. As men-
tioned above (Section 3.2.1), most amino acid residues in the
DELSEED loop of the b-subunit adjacent to the g-subunit
carry a negative charge. The residues of the g-subunit in
contact with them are positively charged.

Although the lower portion of the g-subunit `tail' makes
no significant contribution to the angular momentum, it

seems to perform an important structural function. The
region of contact between the b- and g-subunits inside the
cavity (G1) provides a `foothold' for correct orientation of the
g-subunit with respect to the stator. Such mechanical
`adjustment' may be compromised in short rotors. Recent
experiments in Refs [99±101] demonstrated that a truncated
g-subunit having no point of support undergoes irregular
fluctuations during rotation, becoming slower compared with
normal motors having extended g-subunits. The low support-
ing point of long rotors prevents unwanted beats during
rotation.

The experimental data in [80, 83] and the theoretical
analysis of different operating modes of F1-ATPase suggest
that the g-subunit rotation rate does not change during its
turn [31, 32]. This means that the torque N also remains
constant. The value of N was found from the dependence of
the mean rotation rate of the F1-ATPase rotor on the length
of the actin filament attached to it. The torque created by
ATP hydrolysis N � 40ÿ50 pN nm [79, 80]. Bearing in
mind that the rotor radius is about 1 nm, it is possible to
calculate that the motor force is F � 40ÿ50 pN. It is the
largest force developed by the currently known natural
molecular motors driven by the energy of nucleotide
hydrolysis. As the rotor turns by 120�, the motor performs
a work counter-hydrodynamic drag, W � 80ÿ90 pN nm
�� 20kBT �, roughly equal to a change in the free energy
DGATP during hydrolysis of a single ATP molecule. These
estimates indicate that the free energy of ATP hydrolysis is
used to rotate a loaded rotor with the efficiency close to
100%.

Evidently, such a high efficiency of the F1-ATPase motor
�Z �W=DGATP� doing work against the forces exerted from
the outside (hydrodynamic resistance of the medium slowing
down the long `tail' rotation) should be attributed to small
energy losses due to friction during the g-subunit rotation in
the cavity of the a3b3 hexamer. The low friction is due to
design peculiarities of the motor. First, the extended g-sub-
unit has few direct contacts with the cavity walls. Second,
the extended `tail' of this subunit plunged into the cavity of
the a3b3 hexamer and the cavity itself have hydrophobic
properties; they contain no electrostatically interacting
charged groups that could hamper the rotor rotation.
This property of the motor can be likened to the presence
of a hydrophobic (oily) `lubricant' layer between the rotor
and the stator, which significantly decreases frictional
losses.

4.2.2 Membranous electric motor F0. A schematic illustration
of proton transport through the intramembranous portion of
F0F1 ATP synthase is presented in Fig. 5a. The two vertical
cylinders symbolize proton-conducting channels. Along the
lower channel, protons come from the `acidic pool,' where
their concentration is increased, to c-subunits. Along the
upper channel, the protons are directed toward the `alkaline
pool,' where their concentration is low. The carboxyl group of
Asp61 located in the central part of the c-subunit exists in two
states, deprotonated �ÿCOOÿ� and protonated �ÿCOOH�.
Its charge depends on the position relative to the upper or the
lower proton-conducting channels. It undergoes protonation
�ÿCOOÿ �H� ! ÿCOOH� in the lower channel connected
to the `acidic pool' with the increased proton concentration.
The carboxyl group of the neighboring c-subunit in the
vicinity of the channel connected with the `alkaline pool' is
deprotonated, i.e., the proton dissociates and escapes to the
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outside �ÿCOOH! ÿCOOÿ �H��; as a result, the car-
boxyl group acquires a negative charge. 4

Rotation of the cn ring is maintained by the interaction of
positively and negatively charged amino acid residues at the
interface between the intramembranous a-subunit and one of
the c-subunits of the oligomeric complex cn. The key role in
the creation of the torque is played by the positive charge of
Arg210 of the intramembranous a-subunit and the negative
charge of the deprotonated carboxyl group �ÿCOOÿ� of
Asp61 (see Fig. 5). The distance between the atoms carrying
these charges is roughly 2.5±3 A

�
[44]. Attraction between

oppositely charged atoms creates the torque turning the ring
through Dy � 360�=n, where n is the number of c-subunits in
the cn complex (Fig. 5b, left side). After the turn, the
deprotonated carboxyl group comes closer to the lower
channel, acquires access to the `acidic pool,' and becomes
electroneutral �ÿCOOÿ �H� ! ÿCOOH� (Fig. 5b, right
side). After the next turn of the cn ring, this protonated c-
subunit departs from the a-subunit, taking with it the proton
received from the `acidic pool.' Moving counterclockwise
together with the cn ring, this protonated subunit comes to
the upper channel after n rotation steps and releases the
proton to the `alkaline pool' to acquire a negative charge
�ÿCOOH!ÿCOOÿ �H��. Thus `traveling' in a circular
path, together with the rotating cn ring, the proton is
transferred from the `acidic pool' to the `alkaline pool.'

The source of energy for rotor rotation of the electric
motor is the transmembrane electrochemical potential differ-
ence of hydrogen ions �DmH��. The electric current running
through F0 (with protons as charge carriers) maintains
periodic protonation/deprotonation of carboxyl groups in
c-subunits and thereby creates conditions for directional
rotor rotation. The cn ring is tightly coupled to the g-subunit
functioning as the rotor of the F1-ATPase mechanochemical
motor. Due to this, the torque created by the F0 motor is
imparted to the g-subunit, whose rotation governs the ATP
synthesis.

4.2.3 Efficiency of the F1-ATPase motor.A few remarks are in
order regarding the estimates of motor efficiency cited in
Section 4.1. The authors of experimental studies [79, 80]
calculated the efficiency of the F1-ATPase motor as follows.
The kinematic data were used to determine the mean rotation
rate hoi of the loaded rotor (heavy marker in a viscous
medium). The drag coefficient x was found from geometric
characteristics of the rotating `tail' (cylindrical shaft of length
L and radius r) by using the formula [80]

x � 4pZL3

3
�
ln �L=r� ÿ 0:447� : �4�

The average torque created by the motor is hN i � xhoi. The
mechanical work against viscous drag forces during one

revolution is xhoi2p. The chemical energy spent to produce
this work is 3DGATP, where DGATP is the free energy of
hydrolysis of a single ATP molecule that can be computed
for the given experimental conditions (reactant concentra-
tions, pH, and temperature).

The efficiency of utilization of the chemical energy of ATP
molecules for the rotation of a loaded rotor is calculated as

ZStokes �
xhoi 2p
z����}|����{work

3DGATP|����{z����}
free energy

: �5�

We note that the Stokes efficiency coefficient ZStokes thus
obtained is at variance with the traditional definition of the
efficiency coefficient for machines working against conserva-
tive forces. In the present case, the work is done against a
dissipative force, i.e., the force of hydrodynamic resistance of
the aqueous medium. The estimates in Refs [79, 80] indicate
that the work against internal friction forces is negligibly
small compared with the work done for external load
rotation. As mentioned above, the high efficiency of work
against dissipative external forces (� 90ÿ100%) is attribu-
table to the small internal energy losses due to design features
of the F1-ATPase motor.

Experimental data concerning the rotation of the g-sub-
unit with the attached long actin `tail' depending on its length
and theATP concentrationwere analyzed theoretically in [31,
32]. It was shown there that the constancy of the angular
momentum is an indispensable condition for the high
efficiency of F1-ATPase (ZStokes � 90ÿ100%). Throughout
the entire rotor rotation cycle, the motor must generate a
constant torque (N�y� � const � 40ÿ45 pN nm) rather than
short, even if powerful, strokes at the instants of rapid turns.
This means that the F1-ATPase motor cannot operate based
on the so-called Brownian ratchet mechanism when rotation
is governed by rare powerful strokes reminiscent of a delta
function (three short strokes per full revolution). According
to [31, 32], the torque N�y� � const can be generated as a
result of many sequential stages, each accompanied by minor
changes in the free energy �� kBT �. Such a gradual decrease
in the free energy during the work of the F1 mechanochemical
motor may occur as many �� 15ÿ20� hydrogen bonds
between ATP and amino acid residues of the catalytic site
form in succession [69].

5. Mathematical modeling
of F0F1 ATP synthase

The MMMs have been studied theoretically by many foreign
and Russian researchers (see Refs [31±34, 98, 102±116] and
the references therein). Construction of mathematical models
describing the directional motion of various nanomotors is an
important area of research in theoretical biophysics. In this
section, we briefly consider publications devoted to theore-
tical investigation of F0F1 ATP synthase. Biochemical and
structural studies of F0F1 ATP synthase taken together with
kinematic data on rotor rotation provided a wealth of
experimental material for the development of a quantitative
theory explaining the operating mode of this enzyme. The
significance of such research is self-evident. Mathematical
simulation is a convenient and sometimes the sole tool for the
analysis of various scenarios underlying the work of MMMs
and the assessment of their energetic and dynamic properties.

4 We note that a change in the charge of the carboxyl group (protonation

or deprotonation) occurs not only as a result of its contact with the `acidic'

or `alkaline' pool but also due the difference in the electric potential on

either side of themembrane. The affinity of the carboxyl group for protons

increases with increasing the electric potential and decreases as it

decreases. Therefore, a directional proton flux via F0 occurs under the

effect of the transmembrane electric potential difference, even in the

absence of a transmembrane pH difference (a positive potential ji on the

`acidic pool' side and a negative potential jo on the `alkaline pool' side).

This accounts for the energetic equivalence of the electric �Dj� and

concentration �DpH� constituents of DmH� [51].
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5.1 Dynamic models of operating proton ATP synthase
5.1.1 The simplest dynamic model of the F0 rotor rotation. The
first comprehensive models of rotor rotation in F0F1 ATP
synthase were described in [102, 103]. They are discussed in
Section 5.1.2 below. In this section, the analysis of rotor
rotation begins from the consideration of the simplest
dynamic model of rotor rotation in an electric motor
(rotation of the intramembranous ring cn) proposed in
Refs [115, 116].

A qualitative description of the mechanism of generation
of the angular momentum governing the directional rotation
of the cn rotor was presented in Section 4.2.2 (see Fig. 5). The
dynamic equation describing rotor rotation in such a system
and its solutions were considered in Refs [115, 116]. The
simplified form of this equation is

I
d2y�t�
dt 2

� 4pZR 2h
dy�t�
dt
�M

ÿ
y�t��

ÿ R

4pe0

jq1q2j
er 21

sin
�
ay�t� � j0

� � 0 ; �6�

where y�t� is the rotation angle of the cn ring, I is the moment
of inertia of the intramembranous cn ring, whose upper part is
connected to the g-subunit, R is the ring radius, h is the ring
thickness, Z is the cytoplasmic viscosity coefficient, M�y�t��
is the elastic force moment arising from the twist of the
g-subunit, q1 and q2 are the respective charges of Arg210 and
Asp61, spaced r1 apart, e is the dielectric constant of the
medium separating these charges, and a and j0 are coeffi-
cients depending on the system geometry and the number n of
c-subunits.

The rotation of the cn rotor proceeds stepwise. When the
disk contains n c-subunits, a 120� turn of the rotor is
associated with the passage of several protons through F0

(their number must be at least m � n=3). The g-subunit,
having one end attached to the cn ring and the other plunged
inside the a3b3 hexamer, is regarded as an elastic spring. The
g-subunit twists around itself after each turn of the ring by the
angle Dy � 2p=n. In earlier studies [117±119], it was assumed
that the g-subunit intertwines upon each turn of the cn ring at
the angle 2p=n and then at 2p=3 �120��, and that the
accumulated elastic strain energy is used for a structural
rearrangement of the a3b3 hexamer. For simplicity, we
ignore other forces applied to the rotor. The moment created
by the elastic tension force due to the rotor twist can be
represented as

M
ÿ
y�t�� � pR 4

gE

4hg�1� s�
�
y�t� � nyt

�
; �7�

where Rg � 8 A
�
is the radius and hg � 60 A

�
is the length of

g-subunit, E is the Young modulus of the rotor, s is the
Poisson ratio (for most proteins, s � 0:4), and yt is the twist
angle of the g-subunit during passage of a single proton. Then
Eqn (6) takes the form

I
d2y�t�
dt 2

� 4pZR 2h
dy�t�
dt
� pR 4

gE

4hg�1� s�
�
y�t� � nyt

�
ÿ R

4pe0

jq1q2j
er 21

sin
�
ay�t� � j0

� � 0 : �8�

The solutions obtained describe the phenomenon under
consideration correctly in general, but only at the qualitative

level. The calculated torque (N � 4 pN nm) is smaller by a
factor of 10 than the experimentally found one,
Nexp � 40ÿ50 pN nm. Accordingly, the work done by the
rotating disk ismuch smaller than the energy necessary for the
synthesis of one ATP molecule. We note that the present
model does not account for electrostatic interactions between
charges and protons present in the `inlet' and `outlet' proton
channels. The estimates of the dielectric constant e in different
layers of the model are questionable. Moreover, the model
explicitly disregards the interaction between the g-subunit
and the a3b3 hexamer. It is probably for this reason that the
computed moments of `resistance forces' are underestimated
compared with experimental values, and the characteristic
turn times are three orders of magnitude smaller than the real
ones. Nevertheless, despite certain quantitative discrepancies,
the above relatively simple model gives an idea of how the
disk rotation mechanism operates. It is amenable to correc-
tion and can be improved based on the results of calculations
described below (Section 5.1.2).

5.1.2 Description of rotor rotation in proton ATP synthase by
stochastic dynamic methods. If a macromolecular motor has a
relatively small moment of inertia of the rotor, the inertial
term in the dynamic equation describing rotor rotation can be
neglected compared to other terms. This allows writing the
most general form of the equation for rotor rotation in the
framework of the approach based on the stochastic Langevin
equation [102, 103]:

z
dy
dt
� FE�y; s� � FM�y; s� ÿ t� f �t� ; �9�

where y is the rotor rotation angle, z is the total drag
coefficient, FE�y; s� is the electrostatic force moment acting
on the disk from the side of the a-subunit, FM�y; s� is the
`hydrophobic' force moment acting on the disk from the side
of the membrane, t is the torque acting on the g-subunit from
the side of the a3b3 hexamer, f �t� is the moment of random
impacts with the `amplitude'

�������������
2zkBT
p

, and s characterizes
discrete states of the system differing in the degree of filling of
proton-binding sites of the F0 motor. It is believed that the
`hydrophobic' force moment FM�y; s� arises due to the energy
barrier �� 45kBT � preventing the displacement of charged
(deprotonated) c-subunits toward the membrane. Four states
of protonatable groups are taken into account: (a) the proton
is bound to the carboxyl group of Asp61 in the c-subunit
exposed to the `acidic pool,' (b) the proton is bound to the
carboxyl group of ASP61 in the c-subunit exposed to the
`alkaline pool,' (c) both carboxyl groups are protonated, and
(d) both carboxyl groups are deprotonated. The model
includes the interaction between negative charges of the
deprotonated carboxyl groups of c-subunits moving together
with the disk and the immobile positive charge of Arg210, as
well as charges of other amino acid residues of the stator
(Glu219, His245). Deformations of the g-subunit caused by
the cn disk rotation were disregarded in [102]. It was assumed
that the guanidine group of Arg210 is always charged
positively �qArg210 � �1�. The charge of the carboxyl group
in the c-subunit may change; this group is characterized by
pKa � 7:5 (pKa is equal to the pH value at which the acid
group protonation probability is 50%).

The kinematics of rotor rotation is defined by the solution
of Langevin equation (9) accounting for the Markovian
process describing protonation and deprotonation of c-sub-
units in contact with proton channels. In the framework of
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this model, a realistic description of the work of an electric
motor was proposed in [102]. It was shown that the system
can operate in two modes, as a generator of DmH� and as an
electric motor driven by the energy DmH� , and that rotor
rotation is tightly coupled to the proton flux through the
membrane. Indeed, one full revolution of the rotor is
associated with the translocation of 12 protons, which
corresponds to the transfer of 4 protons per synthesized
ATP molecule. It is shown that the Arg210 residue plays a
key role in the generation of angular momentum and in the
maintenance of a close association between rotor rotation
and the transmembrane proton transport. The presence of
Arg210 prevents the proton leak, likely to occur for random
reverse rotations of the rotor. The optimal operating regime
of the electric motor is realized at pKa � 7 for Asp61, in
agreement with experimental data on the role of Asp61 in the
generation of the angular momentum [120±123].

We note that a comprehensive rationale for the use of the
Langevin equation for the description of the rotor rotation
dynamics in a macromolecular electric motor was presented
in Ref. [124] dealing with the work of the bacterial electric
motor driving the flagellum of a bacterial cell. The design of
such a motor is much more complicated than that of
F1F0 ATP synthase. In the same work, a Markov chain of
transitions characterizing rotor and stator conditions was
constructed. The approach in Ref. [124] was used for the
development of other nanomotor models.

The next study by Oster and Wang [103] concerned
simulation of the F1-ATPase mechanochemical motor
accounting for changes in the state of catalytic sites
�b1; b2; b3� in the a3b3 hexamer and variations of the rotor
(g-subunit) loading. The system of equations describing
F1-ATPase rotor rotation has the form

z
dy
dt
� t�y; b1; b2; b3� ÿ TL � TB�t� ; �10�

dbi
dt
� K�y; biÿ1; bi�1� bi ; �11�

where i � 1; 2; 3 labels the b-subunits, z is the drag coefficient
due to rotor loading, t�y; b1; b2; b3� is the torque applied to
the g-subunit from the side of the a3b3 hexamer, TL is the
additional moment created by the load (e.g., laser force
clamp), TB�t� is the torque due to thermal fluctuations, the
function t�y; b1; b2; b3� � ÿqV�y; b1; b2; b3�=qy is determined
by a potential V�y; b1; b2; b3� in which geometric and elastic
properties of the system are taken into account, and
K�y; biÿ1; bi�1� is the matrix describing transition rates
between the 64 possible states of catalytic sites depending on
the rotation angle of the g-subunit and the `chemical' state of
the system.

It is assumed that ATP hydrolysis and synthesis reactions
are reversible and each catalytic site E can be in four possible
states: (1) E is a free site, (2) ET is occupied by an ATP
molecule, (3) ED is occupied by anADPmolecule, and (4) EDP

is occupied by ADP and Pi molecules. The enzyme has three
catalytic sites; therefore, the maximum number of its states is
43 � 64 (four possible states of three catalytic sites).

Solving the system of equations (10), (11) has allowed
quantitatively describing the main features of the F1-ATPase
rotor rotation: step-by-step turns by 2p=3, generation of the
torque N � 45 N nm, consumption of one ATP molecule per
a 2p=3 turn, and the efficiency close to 100%. The results of
calculations are in excellent agreement with the idea that the

ATP binding energy is stored in the form of the elastic
strain energy used to rotate the g-subunit due to the tight
coupling between the mechanical and chemical stages of the
F1-ATPase operation (see Section 5.4 for the details).

Themodel of F1-ATPase operation described inRef. [103]
belongs to a class of mathematical models called `mesoscopic
models' or Markov±Fokker±Planck (MFP) models. Models
of this type are intermediate betweenmolecular dynamic ones
(describing the motion of each atom) and kinetic models
describing transitions between a relatively small number of
discrete chemical (`Markovian') states. A very important step
in the construction of MFP models is the choice of a small
number of distinguished degrees of freedom considered in the
explicit form and the construction of free energy surfaces for
which these degrees of freedom are geometric coordinates.
Such surfaces are usually constructed based on structural
(X-ray structural analysis) and biochemical data that permit
identifying the most important interactions between different
subunits.

A classic example of MFP models used to describe
F0F1 ATPase is the model proposed in [126]. The authors
assumed that the reactions of ATP hydrolysis and synthesis
proceeding as in (3) are reversible and that each catalytic site
E is in four possible states: E, ET, ED, or EDP. The probability
rs of being in each of these states can be described by the
Kolmogorov±Fokker±Planck equation

qrs
qt
� ÿ D

kBT

q
qy

�
ÿ qĜ�y; s�

qy
� t
�
rs �D

q2rs
qy 2

�
X
s 0

Kss 0 � rs 0 ; �12�

where D � 1:5� 104 rad2 sÿ1 is the diffusion coefficient for
rotor rotation of the F1 mechanochemical motor (g-subunit)
and t is the torque created by the rotor of the F0 electric
motor. For simplicity, it is assumed that t � const �
45 pN nm. The torque acting on the g-subunit from the side
of b-subunits is determined by the gÿb interaction potential,
ÿqĜ�y; s�=qy. The potential Ĝ�y; s� is the sum of potentials of
the g-subunit interaction with three different b-subunits:

Ĝ�y; s� � G�y�s1 � G

�
y� 2p

3

�
s2

� G

�
y� 2p

3

�
s3

: �13�

The form of Ĝ�y; s� is described in Ref. [126], where the values
of the Kss 0 matrix elements characterizing the kinetics of
transitions from one state to another are also given. The
appendix to [126] presents an animated picture illustrating the
work of the system.

The results in Ref. [126] indicate that at the `mesoscopic'
level' (millisecond time scale, nanosized system), the model
adequately describes the mechanochemical properties of the
F0F1 complex synthesizing ATP. The rotation angle y of the
g-subunit can be used as a generalized (`collective') coordi-
nate, a surrogate multidimensional periodic trajectory of the
coordinates of the atoms making up the catalytic sites. The
results of stationary solutions of Eqns (12), (13), and
qrs=qt � 0, related to F0F1 ATPase operation during ATP
synthesis, are in excellent agreement with experiment [126].
Another interesting result of simulation of the F0F1 ATP
synthase is that there are many trajectories (rather than one)
of transition between different enzyme states under real
physiological condition. The results of such a simulation
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allow estimating the statistical weight of these trajectories and
identifying the so-called `main kinetic pathway' (Fig. 16).
Also, the model permits clarifying the well-known phenom-
enon of F1-ATPase inhibition by ADP, which has long
remained unexplained by biochemists [36].

5.2 Electrostatic interactions
and energetics of ATP hydrolysis
Conformational changes in F1-ATPase induced by ATP
binding to a catalytic site, as well as by ATP hydrolysis and
dissociation of reaction products, are accompanied by a
redistribution of electric charges in the protein molecule. It
is therefore important to estimate the contribution of
electrostatic interactions to the energetics of ATP hydrolysis
[111±114]. A simple way to calculate the energy of electro-
static interactions of charged groups of F1-ATPase and all
reactants bound to the enzyme was described in our work
[127, 129].

The energy of electrostatic interactions Eel was assessed
using the approximation of point-like charges at the geo-
metric centers of the respective atoms. The energy Eel of the
enzyme±substrate complex was estimated from the formula

Eel � 1

2

XM
i� 1

XM
j� 1

� j 6� i �

QiQj

eeffjRi ÿ Rjj �
XM
i� 1

XN
k� 1

Qiqk
eeffjRi ÿ rkj

� 1

2

XN
k� 1

XN
m� 1

�k 6�m�

qkqm
eeffjrk ÿ rmj ; �14�

where Qi is the electric charge of the ith atom in the substrate
or a product molecule located at the catalytic center, qk is the
electric charge of the kth atom in the protein molecule, M is
the number of charged substrate atoms (ATP4ÿ, ADP3ÿ,
HPO2ÿ

4 , and Mg2�), Ri �i � 1; . . . ;M � and rk �k � 1; . . . ;N �
are respectively the coordinates of the substrate and enzyme
atoms, and eeff is the effective dielectric permittivity (a model
parameter).

In Ref. [127], we took the charges of lysine, arginine,
aspartate, glutamate, and histidine residues into account. It
was assumed that the point-like charge of lysine qLys � �1 is

associated with the nitrogen atom of the amino group. For
arginine, the point-like charges qArg � �0:5 at the two
terminal nitrogen atoms were considered. In histidine, the
charges qHis � �0:5 were assigned to the two nitrogen atoms
of the imidazole ring. In carboxyl groups of glutamate and
aspartate, the similar partial charges q � ÿ0:5 were distrib-
uted between the two oxygen atoms.

Conformational changes of all subunits in the enzyme
molecule accompanied by rotation of the g-subunit are
supposed to occur in concert. In each of the states of the
enzyme±substrate complex shown in Fig. 17a, one of the
catalytic sites is always in the bTP conformation, another in
bDP, and the third in bE. We assume for definiteness that the
closed catalytic site having the bTP conformation initially
contains ATP [state bTP�T�]. This state is characterized by a
high affinity for ATP. The second site, having the `closed' bDP

conformation, contains ADP [state bDP�D�]. The third
catalytic site is free and has an `open' conformation [state
bE�ÿ�].

We consider how the electrostatic protein energy changes
during the catalytic cycle of ATP hydrolysis in the case of a
trisite scenario of enzyme operation (Fig. 17b). The first stage
of the cycle is the entry of ATP into the empty catalytic center
bE�ÿ�. It is known from biochemical data (see Section 3.2.2)
that this stage is accompanied by a reduction in the free
energy. Results of our calculations of Eel agree with this
observation. They show that ATP binding to the enzyme in
the bTP�T� bDP�D� bE�ÿ� state is associated with a signifi-
cant decrease in the system electrostatic energy [the transi-
tion bTP�T� bDP�D� bE�ÿ� �ATP! bTP�T� bDP�D� bE�T�].
As mentioned above, the energetically favorable ATP
binding induces conformational rearrangement of the
enzyme related to a change in the tilt angle of two large
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domains of the b-subunit connected by a `hinge' (see Fig. 7),
which is in turn coupled to the turn of the g-subunit.

A few scenarios of events initiated by ATP binding to
the empty center bE�ÿ� were considered in [127]. They differ
in the stage of the catalytic cycle that immediately follows
the binding [rotation of the g-subunit or ATP hydrolysis
in the bTP�T� center]. In one of the scenarios, part of
the energy released during the ATP binding [the transition
bTP�T�bDP�D�bE�ÿ� �ATP! bTP�T�bDP�D�bE�T�] is used
to rotate the g-subunit in the a3b3 hexamer. According to
Refs [31, 32], the bend in the b-subunit induces a stroke that
causes it to rotate (Fig. 17b, transition from state 2 to state 3)
and leads to corresponding conformational changes in the
remaining subunits of the ATPase complex. Direct interac-
tion between the b- and g-subunits responsible for the
energetic coupling in F1-ATPase involves a conservative
fragment of the b-subunit �b380DELSEED386�. As shown in
Fig. 17b, the structural transition from state 2 to state 3 is
accompanied by an increase in the electrostatic constituent
of the enzyme±substrate complex energy. It may be
supposed that both transitions, `state 1! state 2' (energy-
donating process) and `state 2! state 3' (energy-accepting
process), occur cooperatively. This means that the energy
released in the former process does not totally dissipate to
heat; part of it is used to maintain the latter process. The
design of the system ensures cooperative structural rearran-
gement of its subunits: the force generated by the bending of
the bE�T� subunit causes the g-subunit to rotate and thereby
alters the state of other catalytic sites. In other words, ATP
binding by the vacant catalytic site bE�ÿ� results in
conformational changes in all the three catalytic sites [the
transition bTP�T� bDP�D� bE�T� ! bDP�T� bE�D� bTP�T�].

The next stage of the catalytic cycle is ATP hydrolysis or
the bDP�T� bE�D� bTP�T� ! bDP�D;P� bE�D� bTP�T� transi-
tion (from state 3 to state 4). The ATP hydrolysis reaction
includes a stage at which an intermediate (a pentahedral
complex) is produced as a result of the nucleophilic attack of
the third phosphate of ATP (g-phosphate) by a water
molecule located inside the catalytic site in the immediate
vicinity of ATP (see Fig. 6). It is believed that the water
molecule involved in ATP hydrolysis is activated by the
nearby deprotonated carboxylic group of Glu188 (55). The
breakdown of the bond between ADP and g-phosphate is
accompanied by proton dissociation:

ADPÿPO2ÿ
3 �HOH! ADP�HPO2ÿ

4 �H� :

Two possible scenarios for the fate of the dissociated proton
are considered: (a) its transfer to the carboxyl group of
Glu188 (Fig. 17b, transition to the energy level 4a) with
subsequent dissociation into the bulk solution, (b) its
dissociation into the solution with subsequent hydrolysis of
ATP (Fig. 17b, transition to the energy level 4b). It follows
from Fig. 17b that the difference between the energy levels 4a
and 4b is not very large compared with the energy gain from
ATP binding.

As mentioned above, the ATP hydrolysis/synthesis
reaction at catalytic sites of F1-ATPase is reversible and has
an equilibrium constant close to unity [36], meaning that the
standard free energy for the reaction of ATP�H2O>
ADP� Pi proceeding in the active center of the enzyme is
almost zero. This inference is questioned byWeber and Senior
(see reviews [91±93]), who believe that the ATP/ADP ratio at
the `closed' catalytic site must depend on the process direction.
The equilibrium is shifted toward the ATP production under

conditions of ATP synthesis and toward the formation of
ADP and Pi during ATP hydrolysis. Our calculations show
that ATP hydrolysis at the `closed catalytic site' of bl is
accompanied by a slight increase in the electrostatic constitu-
ent of the enzyme±substrate complex energy. We emphasize
that the increase in the energy associated with ATP hydrolysis
�DEATP!ADP�Pi

� is significantly smaller than the energy gain
fromATP binding.We note that under a different scenario of
events initiated by ATP binding and in the case of electro-
static interactions taking the contribution of water molecules
inside the protein globule into account, the ATP hydrolysis
may occur practically without energy consumption (see
Refs [127, 128] for the details).

An important conclusion following from the analysis
of the energy diagram in Fig. 17b is that during the
ATP synthesis at the catalytic site of bDP�T� (reaction
ADP� Pi ! ATP�H2O), the electrostatic constituent of
the enzyme±substrate complex energy decreases rather than
increases. This observation is consistent with the known
standpoint that ATP synthesis inside the catalytic center
occurs practically without energy consumption [36].

The further course of events after the ATP hydrolysis
includes dissociation of the reaction products (Pi and ADP).
Calculations in the framework of the electrostatic model [127,
128] indicate that dissociation of phosphate Pi (transition
from state 4 to state 5) is accompanied by a reduction in the
electrostatic interaction energy in the enzyme±substrate
complex (Fig. 17b) in agreement with biochemical data,
suggesting a relatively low affinity of Pi for F1-ATPase [36,
64±68, 91±93].

On the other hand, dissociation of ADP (transition from
state 5 to state 6) is accompanied by an appreciable increase in
the electrostatic constituent of the enzyme complex energy,
which hampers dissociation. At the same time, the increase in
energy during the ADP dissociation in the presence of excess
ATP in the solution surrounding the enzyme is compensated
by the energetically favorable process of ATP binding to the
emptied catalytic site (transition from state 6 to state 7). Thus,
the complete catalytic cycle of ATPase accompanied by its
structural rearrangement and the directional turn of the
g-subunit through 120� results in the disappearance of one
ATPmolecule in the solution surrounding the enzyme and the
appearance of ADP and Pi. ATP hydrolysis in the aqueous
medium is characterized by a decrease in the free energy;
therefore, the F1-ATPase energy of the entire system (enzyme,
substrates, and reaction products dissolved in the medium)
decreases after each turn of the rotor.

The above example shows that estimated changes in the
electrostatic constituent of the enzyme±substrate complex
energy in the framework of a relatively simple model are
consistent with the known experimental data on the interac-
tion of the substrates and reaction products with F1-ATPase.
Unfortunately, X-ray studies of the structure of F1-ATPase
do not provide reliable data on conformation of the enzyme±
substrate complex at intermediate stages of the catalytic cycle.
Nevertheless, its description by the above model proved
useful for the analysis of F1-ATPase work. The model can
be extended by including intermediate states of the enzyme±
substrate complex. Information about these states can be
obtained by calculations using advanced methods of mole-
cular dynamics and quantum chemistry. Results of calcula-
tions by these methods [111±114] confirm the important
contribution of electrostatic interactions to the energetics of
the catalytic cycle.
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5.3 Stochastic±dynamic model of F1-ATPase
5.3.1 Simulation of ATP hydrolysis by the isolated F1-ATPase.
In this section, we consider a mathematical model in which
the dynamic equations for F1-ATPase rotor rotation are
described by phenomenological one-dimensional potentials
[129, 130]. These potentials reflect conformational changes in
the b-subunits throughout the catalytic cycle of ATP
hydrolysis. A rotor whose position is specified by a coordi-
nate y is identified with a point mass moving in the given
potential. The same potentials can be used to describe the
motor operation during ATP synthesis when the rotor rotates
in the opposite direction under the action of an external force
generated by the F0 membrane complex.

The shape of the model potentialV�y� is shown in Fig. 18.
It is a sum of several functions. The function VATP�yÿ yi� is
the potential characterizing ATP binding by a catalytic site, y
is the rotor rotation angle, and yi � 90�, 210�, and 330� are
the values of y corresponding to the three quasi-equilibrium
positions of the rotor. The form of VATP�yÿ yi� reflects the
fact that the ATP binding is an energetically favorable
process; in the absence of ATP, the potential for rotor
rotation is unrelated to the y angle. The potential
VADP�Pi

�yÿ yi� corresponds to the presence of reaction
products, ADP and Pi, in the active center. The close position
of these two negatively charged molecules is energetically
unfavorable and leads to a conformational change of the
catalytic subunit that enables one of the reaction products to
leave the active center. After dissociation of Pi, the function
VADP�Pi

�yÿyi� turns into the function VADP�yÿ yi�. The
horizontal part ofVADP�yÿ yi� corresponds to the conforma-
tion of the bDP�D�-catalytic subunit.

The potential depths are found from estimates of the
energy of electrostatic interaction between the charged
groups of an F1-ATPase molecule and all reactants present
in the active centers of the enzyme (see the preceding section).
The depth of the VATP potential is 15 kBT and the height of
VADP�Pi

is 10 kBT. The depth of the VADP potential well is
assumed to be 5 kBT. The overall change in the energy during
a single cycle of ATP hydrolysis is 20 kBT, which corresponds
to the change in the free energy during hydrolysis of one ATP
molecule under physiological conditions [49]. The `reactivity'
function R�yÿyi� reflects the fact that the ATP synthesis/
hydrolysis reactions occur only at a closed catalytic site. The

function S�yÿ yi� phenomenologically describes steric hin-
drance restricting the access of reagents to the closed reaction
center.

To define the shape of the potential uniquely, we must
take account of the filling of catalytic sites with substrates and
reaction products. Then the potential becomes

V�yÿ yi� � �cATP VATP�yÿ yi� � �cADP�Pi
VADP�Pi

�yÿ yi�
� �cADP VADP�yÿ yi� ; �15�

where the functions �cATP, �cADP, and �cADP�Pi
signal the

presence or absence of one substrate or another at the
catalytic site (see [130] for the details). The resultant potential
Vs is the sum of potentials for each of the three catalytic
subunits:

Vs�y� � V�yÿ y1� � V�yÿ y2� � V�yÿ y3� : �16�

The equation describing rotor rotation in the field of the
potential Vs has the form

J
d2y
dt 2
� x

dy
dt
� ÿ qVs�y�

qy
� f1�t� ; �17�

where J is the moment of inertia of the rotor, y is the rotor
rotation angle, x is the drag coefficient, and f1�t� is the rotor
torque due to thermal fluctuations. Characteristic frequencies
of g-subunit rotation are in the range of tens of hertz. Because
of the high viscosity of the medium where the loaded rotor
rotates (Z � 10ÿ3 N cmÿ2 and x � 10ÿ21 N m s), the
contribution of the inertial term J d2y=dt 2 in Eqn (17) can
be neglected. The equationmust be supplemented by a system
of kinetic equations describing stochastic processes of
substrate entry and transformation at catalytic sites and the
release of reaction products (see Ref. [130] for the details).

Figure 19a exemplifies calculations describing directions
of rotor rotation at different ATP concentrations. Two
extreme rotation regimes can be distinguished depending on
theATP concentration: (a) the prevalence of pauses related to
waiting for the ATP entry (at low ATP concentrations) and
(b) the prevalence of pauses produced by waiting for the ADP
release (at high ATP levels). In both cases, the length of the
pauses is roughly equal at intermediate ATP concentrations.

Figure 19b shows the ATP level dependence of the mean
rotor rotation rate of the F1 mechanochemical motor at
different external loads on the rotor. Evidently, the direc-
tional rotor rotation rate increases to the maximum possible
value as the ATP concentration increases to 1±2 mM or
higher. It significantly decreases as the drag coefficient x
increases. Figure 20 shows the dependences of the directional
rotor rotation rate on the actin filament length attached to the
rotor calculated for different ATP levels. 5 The theoretical
curves in Figs 19 and 20 are in excellent quantitative
agreement with the known experimental data [80]; this
confirms the validity of the model.

5.3.2. Simulation of ATP synthesis by isolated F1-ATPase
under the action of an external force. In this section, we
briefly summarize the results of the simulation of ATP
synthesis by isolated F1-ATPase that was observed in
experiments on the rotation of the `magnetic handle'

5

0

120 240 360

ÿ5

ÿ10

ÿ15

S�y�R�y�

ADP

A
T
P
>
A
D
P
+
P
i Pi

VADP�y�

VATP�y�

Rotor rotation angle y, deg

E
n
er
gy
,k

B
T

VADP+Pi
�y�

ATP

Figure 18. Model potential profiles for catalytic sites of F1-ATPase

containing ATP, ADP, or ADP � Pi depending on the rotor rotation

angle y. The model functions R�y� and S�y� respectively characterize

specific features of ATP synthesis/hydrolysis reactions in catalytic centers

and steric restrictions determining the accessibility of catalytic sites for

reactants (based on [129, 130]).
5 Results shown in Figs 19 and 20 were obtained jointly with A F Pogreb-

naya (see Refs [129±132] for the details).

910 Yu M Romanovsky, A N Tikhonov Physics ±Uspekhi 53 (9)



attached to the g-subunit [95]. Rotation of the g-subunit by
an external force causes periodic changes in the state of
catalytic sites and thereby creates conditions for ATP
synthesis or hydrolysis, depending on the direction of rotor
rotation. It is supposed that ATP synthesis and hydrolysis
are associated with identical conformational changes that

occur in the opposite order, however. The entry of ADP and
Pi, and the synthesis and dissociation of ATP are regarded as
random events. The model has allowed describing ATP
synthesis without the introduction of an additional assump-
tion into the system of equations and model potentials
considered in the preceding sections.

The results of simulations of forced rotor rotation at
different ATP concentrations indicate that the rotation rate
increases as the angular momentum of the external force
increases, regardless of the ATP level [131, 132]. The rotation
dynamics depend on model parameters (the external force
Fext, the ADP concentration, and the drag coefficient x) that
determine characteristic times in the system. At small Fext, the
rotor rotates in a manifestly stepwise manner with pauses
caused by waiting for the ADP entry into a catalytic center;
the duration of the pauses decreases with increasing the ATP
concentration. At sufficiently high Fext values, the 120

� turns
occur in the absence of ATP synthesis, while the operating
efficiency of the enzyme decreases.

5.4 The `trigger' model of F1-ATPase
In this section, we present a phenomenological mathematical
model describing the trigger regime of energy-dependent
conformational transitions of b-subunits (`open' conforma-
tion$ `closed' conformation) [133, 134]. The main purpose
of this model is to analyze the effect of elastic strains of
b-subunits described in [31, 70].

In the presence of excess ATP in the medium, F1-ATPase
operates without the failure possible in the case of diffusional
restrictions: the next ATP molecule enters the open `pocket'
of a catalytic site as soon as it is emptied. At a low ATP level,
occasional delays in the ATP entry into the pocket of an
empty catalytic site must be taken into consideration. We
assume that the ATP concentration in the medium is high,
and neglect the fluctuational character of the dynamics of the
b- and g-subunits in the first approximation.

The sought variables in the trigger model are the angle bi
[the opening angle of a bi-subunit or the angle between two
large domains of this subunit (Fig. 6a)] and the elastic force
moment ti (i � 1, 2, 3 labels the b-subunits). The system of
equations for the change in bi from p=6 to 0 characterizing the
closure of the `pocket' of the catalytic site has the form

z
dbi
dt
�M�bi� ÿ ti ; �18�

m
dti
dt
� kl 2bi ÿ ti ÿ t0 ; �19�

where M�bi� is the N-shaped moment of forces arising upon
the ATP binding by the catalytic site of bi (the amplitude of
this moment is A � 40 pN nm), ti is the elastic force moment
arising upon deformation of the bi-subunit, m � 1ÿ2ms is the
characteristic time of bond cleavage during hydrolysis
�ATP! ADP� Pi� at the catalytic site, k � 4 pN nmÿ1 is
the stiffness factor of the construction, l � 3 nm is the elastic
force moment arm, and z � 10ÿ21 Nm s is the drag coefficient
determined by the Stokes drag of a filament or a bead
attached to the rotor (in a model for immobilized F1-ATPase
operating under mechanical load). It is believed that the
DELSEED segment of the closing b-subunit makes contact
with the g-subunit and `turns' the rotor. A change in b by p=6
corresponds to a turn of the rotor through the angle 2p=3.
Because the moment of inertia and the Stokes drag of the
subunits themselves are small, they can be neglected. The
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parameter t0 � 20 pNnm is determined by the residual elastic
stress of the b-subunit.

The storage of the elastic strain energy is delayed with
respect to evolution of the b angle characterizing the tilt of the
two large domains of the b-subunit connected by a hinge (see
Fig. 7). The dynamics of this process are described in the first
approximation byEqn (19) for ti. It is assumed, for simplicity,
that the `closing' moment M�bi� at 0 < bi < p=6 depends on
bi and ti linearly. The angle bi opens from 0 to p=6 under the
effect ofM1�bi�. Then

e
dbi
dt
�M1�bi� � ÿaM�biÿ1� � ti ; �20�

where M�biÿ1� is the moment created by the closing biÿ1-
subunit �a < 1�; e5 z because the resistance to friction or the
drag coefficient e is very small when the angle bi opens
(enlarges).

As shown in Refs [133, 134], Eqns (18)±(20) have periodic
solutions at a high concentration of ATP in the medium. The
starting conditions at each step are chosen such that the initial
deviation of bi exceeds a certain small threshold value. The
analysis of numerical solutions showed that the time during
which bi changes by p=6 and, accordingly, the rotor rotation
angle y changes by 2p=3 is of the order of z=A5 m [here, A is
the amplitude of the moment M�bi�], in agreement with
experiment (Fig. 20c). Therefore, the total time T of rotor
rotation by 2p largely depends on the time of macroergic
bond cleavage:

T � 3m� 3
z
A
: �21�

The period increases with the moment of forces from an
external load applied to the rotor. Taking amore complicated
function M�bi� allows simulating the two-step change of b
during hydrolysis [133, 134].

To conclude this section, we emphasize that the theory of
F0F1 ATP synthase is far from complete. Listed below are
only a few unresolved problems that might be interesting for
physicists.

(1) How can the noises of different natures be adequately
taken into account in the dynamics of F0F1ATP synthase-like
molecular machines? This question implies an analysis of the
contribution of thermal and shot noises related to the
nonuniformity of the diffusionally controlled ATP and ADP
entry into the catalytic centers of the enzyme and noises due to
the scatter of the times of macroergic bond cleavage during
ATP hydrolysis (analog of flicker noises).

(2) How can the `elasticity' of elements of a macromole-
cular construction be calculated in the case of deformation of
different subunits (a, b, and g)?

(3) How can the notions developed in theoretical studies
on the Brownian motion of particles in complicated potential
landscapes (receiving energy from an external source [135]) be
applied to the calculation of the F0F1 ATP synthase rotor
rotation?

The discussion of one more problem of theoretical
biophysics is in order in connection with the aforesaid.
There are a few scientific schools in this country that have
for many years been engaged in research on autowave
processes in biological membranes (in Nizhny Novgorod
[136], in Pushchino [137, 138], at Moscow State University
[139], etc.). The state of research in this field abroad is
comprehensively described in the fundamental monograph
by J Murray (a Russian translation of its volume 1 was

published in 2009 [140]). All the authors in one way or
another use nonlinear characteristics of the membrane
channel conductance that are frequently fixed based on
general considerations reliant on experimental findings. We
believe that new data on the structural and functional
organization of membrane ATPases will help elucidate
concrete relations between the theory of ion channel con-
ductivity and nonlinear processes considered by different
authors in describing biomembranes. Finally, Ref. [141] is
worthy of special mention because it concerns the continuity
of the ATP synthase theory and the theory of bacterial
flagellar motor.

6. Concluding remarks

In this review, we considered modern concepts of the
physicochemical mechanism of the action of proton ATP
synthase, a principal macromolecular device catalyzing
formation of ATP moleculesÐ the main energy `currency'
of the living cell. The ATP synthase complex embedded in the
plasma membrane operates as an energy-converting macro-
molecular machine driven by the transmembrane electroche-
mical potential difference of hydrogen ions �DmH��. The
electric current passing through the membrane via the F0

complex (with protons playing the role of current carriers)
governs rotation of the rotor (intramembranous cn ring). The
cn ring of the molecular `electric motor' is connected to the
rotor of the F1 mechanochemical motor (g-subunit), whose
rotation ensures the ATP synthesis from ADP and Pi. F0F1

ATP synthase is a reversible molecular machine capable of
synthesizing and hydrolyzing ATP. When the rotor of the F1

motor rotates against the F0 rotor (driven by the energy of
hydrolyzed ATPmolecules), F0F1 ATP synthase functions as
a proton pump generating DmH� . There is direct experimental
evidence that the rotors of both F0F1 ATP synthase motors
(F0 and F1) actually rotate during the work of this macro-
molecular device.

F0F1 ATP synthase is a macromolecular machine remark-
able for its highly efficient energy conversion (Z �
90ÿ100%). The high efficiency of F0F1 ATP synthase is due
to its peculiar design accounting for the tight coupling
between chemical and mechanical stages of the catalytic
cycle, which reduces the energy dissipation to heat to a
minimum. It may be said that F0F1 ATP synthase is an
`enthalpic' molecular machine [1±3] characterized by insignif-
icant changes in the entropy �DS � 0�. This means that
F0F1 ATP synthases work as molecular motors, although
they cannot be viewed as thermal machines in the ordinary
sense. These molecular motors, unlike macroscopic thermal
machines, do not need to be equipped with special devices,
such as `refrigerators' or `heaters.'

Proton ATP synthase, with the characteristic size
� 10 nm, is the smallest of the known natural rotating
motors. At the same time, it seems to be the most `powerful'
mechanochemical molecular motor using ATPmolecules as a
chemical `fuel.' The torque created by a single F1-ATPase
molecule (F1 motor) is N � 40ÿ45 pN nm (it develops the
force F � 40ÿ45 pN). The mean rotor rotation rate amounts
to 300 rpm.

We have considered the work of F0F1 ATP synthase,
which is only one, albeit very important, molecular machine
of the living cell. Hundreds of billions of such molecular
machines operate in each living organism to maintain
reproduction of a `chemical fuel' in the form of ATP
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molecules. It is opportune to mention that over 50 kg of ATP
molecules are synthesized daily in the body of an adult
person, and are utilized during the same time to perform
different forms of work (chemical, osmotic, and mechanical).

Table 1 compares characteristics of different molecular
motors, including the so-called `linear' ones (myosin, kinesin)
moving along `guideways' (actin filaments and tubulin
microtubes) to maintain contractile and transport activities
of isolated cells and whole organisms and RNA polymerase
traveling along the DNA strand. It can be seen that the
maximum force generated by the rotor of the F1 mechano-
chemical motor is much greater than that developed by
`linear' motors. Evidently, rotation is a more efficient and
cost-effective mode of operation than the translational
motion of `linear' biological motors.

The bacterial electric motor rotating a long helical
flagellum is a much more sophisticated device than F0F1-
ATP synthase [32]. This motor is driven by the electrochemi-
cal potential of hydrogen or sodium ions. Its stator and rotor
are made of tens of proteins, including the so-called motor
proteins A and B arranged in a circle. The joint operation of
many such molecules creates a strong torque (N �
4000 pN nm). Flagellar electric motors are high-speed
(� 400ÿ1700 rps) devices, even if they have to rotate long
flagellae (� 10 mm). Over 1000 protons pass through a motor
during one revolution of its rotor. The efficiency of bacterial
motors is very high. Bacteria can swim at the average
translational speed 25 mm sÿ1, which amounts to more than
100 mm sÿ1 for certain species. In other words, a bacterium
travels ten times its own length in one second.

The variety of molecular motors that came into being over
three billion years ago is not limited to the above examples.
Experimental and theoretical studies of natural nanosized
motors continue. Modern physical methods are of primary
importance for the investigation of biophysical mechanisms
of action of biological machines; they are used not only to
observe the behavior of individual protein molecules and
protein complexes but also to purposefully manipulate
individual macromolecules.
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