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Abstract—FOF1-ATP synthase is a highly conserved enzyme of eukaryotic or bacterial cells. This enzyme
contains eight species of various subunits in bacteria. The F1 sector contains subunits o3, Bs, ¥, 0, and €, and
the FO sector contains subunits a, b,, and ¢(;(_;s). According to modern nomenclature, the rotor of FOF1-ATF
synthase consists of the 7, €, and ¢ subunits; the stator of the enzyme molecule includes the oy, B3, 9, a, and
b, subunits. The rotation of the complex relative to the stator subunits leads to the synthesis or hydrolysis of
ATP with the translocation of protons through the a subunit and c ring of the FO sector. The most famous
ATP synthase inhibitor is oligomycin A. Oligomycin A inhibits proton translocation in the FOF1-ATP syn-
thase complexes, which leads to an impaired energy metabolism in cells. Oligomycin has a cytotoxic effect
against a number of pathogenic bacteria and a high antitumor activity due to the inactivation of FOF1-ATF
synthase, a promising biological target for modern drugs. Since FOF1-ATP synthase is highly conserved and
ATP synthesis is one of the central processes necessary for the vital functions of cells, this enzyme is a prom-
ising biotarget for new antibacterial drugs synthesized based on oligomycin A. This article describes the latest
data on the functioning of ATP synthase in bacterial and eukaryotic cells, as well as recent work on the devel-

opment of new antibacterial drugs based on oligomycin A and its derivatives.
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INTRODUCTION

The membrane-bound FOF1-ATP synthase (EC
3.6.3.14) is a unique enzyme complex with a bifunc-
tional catalytic mechanism of ATP synthesis and
hydrolysis. Detailed research on the FOF1-ATP syn-
thase structure and function remains an important
challenge for modern biochemistry. Functional
impairment of ATP synthase is associated with differ-
ent diseases (Ahmad et al., 2013). The enzyme consists
of two structurally and functionally different parts:
a membrane-integrated ion-translocating FO sector
and a peripheral F1 sector that contains the catalytic
sites for ATP synthesis and hydrolysis (Walker, 2013).
Although the structures of FOF1-ATP synthases differ
in different living organisms, this enzyme is highly
conservative in both bacteria and humans. At present,
the function of FOF1-ATP synthase is considered in
the context of a single complex with other enzymes
contained in the eukaryotic mitochondria and bacte-
rial cell walls. The FOF1-ATP synthase complex is
a promising molecular target for the treatment of
infections and cancer. The best known FOF1-ATP
synthase inhibitor is oligomycin A. Oligomycin A
binds to the C subunit and selectively suppresses pro-
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ton translocation in FOFI1-ATP synthase of the
eukaryotic mitochondria and the cytoplasmic com-
plex of bacterial FOF1-ATP synthase, which leads to
impairment of energy metabolism (Shchepina et al.,
2002; Cole and Alzari, 2005).

Detailed research on the FOFI1-ATP synthase
structure and function remains an important chal-
lenge for modern biochemistry.

MACROLIDE ANTIBIOTICS:
CLASSIFICATION
AND MECHANISMS OF ACTION

The term “macrolide” is used to describe agents
with a chemical structure represented by a macrocy-
clic lactone ring with 12 or more members (Mazzei
et al., 1993). This class of compounds comprises a lot
of biologically active substances, including antibiotics,
antifungal drugs, and prokinetic and immunosuppres-
sive agents. The 14-, 15- and 16-membered macro-
lides are a widely used family of antibiotics. They
excellently penetrate tissues and have a high antimi-
crobial activity, mostly against gram-positive cocci
and atypical pathogens (Bearden and Rodvold, 1999).
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Erythromycin A, a 14-membered macrolide, was iso-
lated more than 50 years ago from Strepfomyces cul-
tures; it was the first macrolide antibiotic used in clin-
ical practice (Mazzei et al., 1993). The class of macro-
lide antibiotics includes chemical agents such as
azithromycin, clarithromycin, telithtomycin, erythro-
mycin, carbomycin, oleandomycin, spiramycin,
tylosin, roxithromycin, oligomycin A, etc. The mech-
anism of action of macrolide antibiotics is based on
the inhibition of protein synthesis in cells. Macrolide
antibiotics reversibly bind to the P site of the bacterial
50S ribosomal subunit. It is believed that inhibition
occurs when the incorporation of the next amino acid
in the growing peptide attached to the tRNA by pepti-
dyl transferase is prevented (Tenson et al., 2003)
(chloramphenicol has a similar mechanism of action
(Drainas et al., 1987)) and when the translation pro-
cess is inhibited. Another potential mechanism is the
untimely dissociation of peptidyl-tRNA from the ribo-
some (Tenson et al., 2003).

Mechanisms of Emergence of Resistance
to Macrolide Antibiotics

Since the first widespread application of antibacte-
rial agents in the 1940s, bacterial pathogens have
begun to acquire resistance to existing drugs, espe-
cially in case of their excessive use. Today, there are
three major mechanisms of antibiotic resistance in
bacteria:

(I) The presence of antibiotic-inactivating
enzymes (e.g., B-lactamase hydrolyzing the B-lactam
ring of penicillins);

(2) Target-site mutations in the receptor, enzyme,
or ribosomal subunit that prevent the binding of the
antibiotic to its target;

(3) The modification or overexpression of trans-
port proteins, upon which antibiotics cannot enter or
are released from the cells (Tenover, 2006).

These mechanisms have been found in strains pro-
ducing macrolide antibiotics; at the same time, cells
often have several mechanisms of protection from the
antimicrobial effects of antibiotics produced by these
cells. When macrolide antibiotics are used to treat dis-
eases caused by pathogenic microorganisms, one
should take into consideration the level of microbial
sensitivity to these antibiotics. This particularly con-
cerns the ratio between the activity of agents and their
toxicity for humans. Single-drug therapy, especially in
the case of nonobservance related to treatment length,
can lead to the emergence of drug-resistant forms of
pathogenic microorganisms; therefore, complex ther-
apies should be used for diseases caused by the latter.
For example, modifications in the ribosome induce
resistance to a broad range of antibiotics that use it as
a target (antibiotics can belong to different chemical
classes), while the release of antibiotic from the cell
and its inactivation can cause resistance to only one
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antibiotic (or to structurally similar antibiotics), since
it affects the molecule per se.

Thus, there is an urgent need to study the develop-
ment of novel strategies to detect and obtain effective
antibiotics in order to overcome the widespread and
growing antibiotic resistance. One potential strategy is
to search for fundamentally new bacterial proteins that
can become targets for novel classes of antibiotics. Of
particular interest is the development of antibiotics
that would affect not only on a single biotarget within
a cell but several targets simultaneously.

Macrolide Antibiotics of the Class of Oligomycins

Macrolides are antibiotics of the class of oligomy-
cins that contain a 26-membered o, 3-unsaturated lac-
tone with conjugated dienes condensed with a bicy-
clic, spiroketal ring system. Oligomycins A, B, and C
were isolated from Streptomyces diastatochromogenes
in 1954 (Smith et al., 1954). The major products (A,
B, C oligomycins) are synthesized by cells in different
proportions depending on the strain and the cultiva-
tion and isolation conditions (Kim et al., 1999).

At present, there are many different, known antibi-
otics with similar structures belonging to the class of
oligomycins (A, B, C, E, F, D, rutamycin A, B, etc.)
(Fig. 1). The mechanism of action of oligomycin
A includes the selective suppression of proton translo-
cation in the FOF1-ATP synthase of eukaryotic mito-
chondria and in the cytoplasmic complex of the
FOF1-ATP synthase of actinobacteria, which leads to
impairment of the energy metabolism. Oligomycin A
has a cytotoxic effect on some pathogenic bacteria of
the genus Actinobacterium due to the inactivation of
FOF1-ATP synthase, a promising biotarget for mod-
ern drugs (Ahmad et al., 2013). According to the avail-
able data, oligomycin A has several unstudied biotar-
gets in bacterial cells different from FOFI1-ATP syn-
thases (Wender et al., 2006). Oligomycin A and its
analogs also demonstrate a stable antitumor activity
(Kobayashi et al., 1987; Yamazaki et al., 1992; Kim
et al., 1997). However, the use of oligomycin A in che-
motherapy for infectious diseases is limited by its high
toxicity.

ATP SYNTHASE: A BIOTARGET
FOR OLIGOMYCIN A IN EUKARYOTES

ATP synthase is the main complex for the produc-
tion of cellular energy in all animals and plants and in
almost all microorganisms. Adenosine triphosphate
(ATP) is a universal energy source. It is synthesized by
ATP synthase via oxidation or phosphorylation in bac-
terial membranes, mitochondria, and chloroplasts.
The overall reaction sequence can be put down as fol-
lows:

ATP synthase + ADP +Pi <5 ATP synthase+ ATP.
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Oligomycin A Me
Oligomycin B Me
Oligomycin C Me
Oligomycin E Me
Oligomycin F Me
Rutamycin A H
Rutamycin B
44-Homooligomycin A Et
44-Homooligomycin B Et

485

R3 R* R
H OH H, Me

OH O Me

H H, Me
OH OH O Me
H OH H, Et
H OH H, Me
H H H, Me
H OH H, Me
H OH 0 Me

Fig. 1. Chemical structure of the family of oligomycins (A, B, C, E, F, rutamycin A, B and 44-homooligomycin A, B) (according

to Nakata et al.,1995, with modifications).

ATP synthesis requires mechanical rotation in
which the ATP synthase subunits rotate at a velocity of
~100 revolutions per second in order to synthesize
energy via oxidation reactions. ATP synthase (EC
3.6.3.14) is a generic term for the enzyme capable of
ATP synthesis from ADP (adenosine diphosphate)
and inorganic phosphate (Pi). ATP synthase is one of
the smallest known biological nanomotors in living
organisms. An average person under normal life con-
ditions can roughly generate about 2.0 million kg of
ATP from ADP and Pi by the age of 75 years, and the
daily approximate amount of ATP utilized by a human
being per day can be up to 40 kg. It may be supposed
that each ADP and ATP molecule in an organism is
phosphorylated and dephosphorylated, respectively,
1000 times per day on average (Senior et al., 2002;
Ahmad and Laughlin, 2010; Ahmad et al., 2011). The
structural and functional activities of ATP synthase are
essentially similar in all prokaryotes and eukaryotes
(Boyer, 1997; Garcia et al., 2000; Kabaleeswaran
et al., 2006, 2009; Dibrova et al., 2010).
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The total number of protons necessary for the syn-
thesis of a single ATP molecule in different organisms
varies from three to four; moreover, this number in
a cell can vary depending on the physiological require-
ments (van Walraven et al., 1996; Schemidt et al.,
1998; Yoshida et al., 2001).

ATP synthase is one of the most conservative
enzymes. Consequently, ATP synthases from the inner
mitochondrial membrane and the thylakoid mem-
brane of chloroplasts have identical structural and
functional properties relative to bacterial ATP syn-
thase; thus, eukaryotic and bacterial ATP synthases
are very similar (Kucharczyk et al., 2009).

Classification of Different ATP Synthases

Before discussing the detailed structure of FOF1-
ATP synthase, it would be reasonable to describe in
brief other types of ATPases. The F-type (phosphory-
lation Factor) ATP synthases (also known as FOF1-
ATPases and H"-transporting ATPases) are extremely
conservative proteins and are the main enzymes per-



486

ADP + Pi

ATP <

Fig. 2. Schematic representation of FOF1-ATP synthase
(according to Gao et al., 2005, with modifications).

forming ATP synthesis in living systems. These
enzymes are localized in the plasma membranes of
bacteria, the thylakoid membranes of chloroplasts,
and the inner mitochondrial membranes. Some bacte-

ria also have Na*-transporting F-ATP synthases.

V-type (Vacuole) ATP synthases are found in the
eukaryotic endomembrane systems, e.g., vacuoles, the
Golgi apparatus, endosome, lysosome, the plasma
membrane of prokaryotes, and some specialized
eukaryotic cells. V-ATPases are able to hydrolyze ATP
for proton pump function but cannot operate in the
reverse direction; for ATP synthesis (Gogarten et al.,
1992; Nelson et al., 2000), they occur only in archaea,
and perform the same function as F-ATPases. The
A-type ATPases probably appeared as an adaptation to
different needs of cells under the more extreme envi-
ronmental conditions encountered by some archaeal
species.

The P-type ATP synthases (P-ATPases, also
known as E1-E2-ATP synthases) are found in bacteria
and some eukaryotic plasma membranes and organ-
elles. The function of P-ATPase is the transport of var-
ious compounds, including ions and phospholipids,
across the membrane, with ATP hydrolysis as an
energy source. There are many different classes of
P-ATPases, each of which is involved in the transport
of particular types of ions: H*, Na*, K*, Mg?*, Ca?*,
Ag" and Ag?", Zn**, Co?*, Pb?*, Ni?*, Cd**, Cu* and
Cu?*.

The E-type (Extracellular) ATP synthases are

bound to cell surface membranes and have a broad
substrate specificity. Their function is to hydrolyze
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other nucleoside triphosphates in addition to ATP, as
well as intracellular ATP (Wilms et al., 1996; Miiller
et al., 1999; Toyoshima et al., 2000).

FOFI-ATP Synthase of Eukaryotic
and Prokaryotic Organisms

FOF1-ATP synthase has a long history of research.
The F1 particle was isolated for the first time by
Efraim Racker’s team in 1961. The FO particle was so
named due to its inhibition by oligomycin in the mem-
brane ATP synthase. The FOF1-ATP synthase of
E. coli has the simplest structure. In prokaryotes, it
contains eight types of different subunits (in mam-
mals, the number of subunits varies from 16 to 18): o,
Bs, 7, 8, €, a, by, and ¢,,. The total molecular mass is
~530 kDa (varying from 550 to 650 kDa). F1 contains
the subunits o, B, v, 0, and €, and FO contains the
subunits a, b,, and ¢, at a stoichiometric ratio of 1 : 2 :
10—14 (Fig. 2).

In mammals, additional subunits are localized
mainly in the F1 region. At the same time, according
to the literature data, the FOF1-ATP synthase of yeast
is the most complex enzyme; it consists of 20 types of
different subunits (Kabaleeswaran et al., 2009). In
plants, ATP synthase is localized in chloroplasts
(CFOFI1-ATP synthase). The enzyme is incorporated
into the thylakoid membrane; the CF1 part is incorpo-
rated into the stroma and is an integral structure in the
nocturnal photosynthesis reactions (the Calvin cycle)
and ATP synthesis. In chloroplasts, FOF1-ATP syn-
thase has an identical structure, except that it has two
isoforms. In mitochondria, there are seven to nine
additional subunits depending on the species, but their
masses are too low relative to the whole enzyme and
they perform regulatory functions (Senior, 1988; Kar-
rasch and Walker, 1999; Devenish et al., 2000). The
synthesis and hydrolysis of ATP occur at three cata-
Iytic sites in the F1 sector, while proton transfer occurs
via the FO sector incorporated in the membrane. The
vsubunit forms a helical coil of alpha-helices, which is
localized in the central space of the o;3; hexagon. The
proton gradient triggers a clockwise rotation (when
observed from the outer membrane) of the y subunit,
which results in ATP synthesis, while the counter-
clockwise rotation of the y subunit results in ATP
hydrolysis. Three ATP molecules are synthesized at
each rotation of the y subunit by 360°.

Mechanism of ATP Synthesis and Hydrolysis

When an ATP molecule is bound to one catalytic
region, the interaction is highly stable, but ATP hydro-
lysis is very slow. An excess of ATP leads to binding at
all three catalytic centers but with a much lower sub-
strate affinity at the second and third catalytic centers.
The K, value for ATP binding is <1 nM at the first cat-
alytic center but ~1 and 30 uM at the second and third
Vol. 10
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ATP A—IL A?+Pi ' ADP+Pi .
> >
ADP+Pi ATP
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e . Product release
substrate of transitional of link
ATP state Pi ADP
k} ATP ATP ATP j ATP j ATP
ADP+Pi ADP+Pi ADP+Pi ADP+Pi ADP
ATP ATP ADP/Pi ADP+Pi ADP+Pi ADP+Pi
90° 30°

Fig. 3. Binding site—modification hypothesis and rotation of the catalytic binding site by the y subunit (according to Capaldi

et al., 2002, with modifications).

catalytic centers, respectively. When the third catalytic
center is bound to ATP, the intensity of ATP hydrolysis
increases by 10*—10° times (Weber and Senior, 2000).
Thus, the F1 sector consists of three ot and three [ sub-
units (of tandem subunits form a structure character-
ized by a third-order symmetry axis with a rotation
angle of 120°), which show the strict negative cooper-
ativity of substrate binding and, at the same time, the
strict positive cooperativity of enzyme activity. In the
literature, it is referred to as the binding site—modifi-
cation hypothesis (Boyer, 1993). The key peculiarity
of this hypothesis is that each of the three catalytic
sites (three pairs of a3 subunits containing these sites)
has a different conformation at any moment of time.
One of them is open and ready to bind ATP (or ADP +
Pi), whereas the second and third sites are partially
open and closed, respectively. ATP binding, which
results in closure of the site, initiates conformational
changes such that the closed site becomes partially
open and the partially open site becomes completely
open. Thus, each site switches between three states,
both in ATP hydrolysis and in ATP synthesis, but in
a different direction (Fig. 3).

Each catalytic site goes through three states during
the cycle: T, L, and O. ATP binds to the O site (open
and empty) in order to transform it into the T site
(bound to ATP). After bond is broken, the T site trans-
forms into an L site (bound to ADP + Pi), while ADP +
Pi is detached from the O site. At any given time, each
of the three catalytic sites is in the O, T, and L state,
respectively. The switching between these states at
each of the sites leads to hydrolysis (or synthesis) on
one ATP molecule and rotation of the 7y rotor by 120°.
Figure 3 shows the stages of hydrolysis or synthesis of
one ATP molecule at three bindings sites (Capaldi
etal., 2002). According to the published data, the
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rotor consists of the subunits v, €, ¢, and the stator
consists of the o3, B, 8, a, and b, subunits (Diez et al.,
2004; Itoh et al., 2004; Weber, 2006). The function of
the stator is to prevent joint rotation of the catalytic
centers and the rotor.

There are altogether six nucleotide binding sites in
the F1 sector of ATP synthase. Three catalytic sites are
present mostly in the B subunit, while three noncata-
lytic binding sites are present mostly in the A subunit.
The three catalytic sites are designated as BTP, PDP,
and BE; they were found via X-ray crystallography
based on ATP, ADP, and Pi binding, respectively
(Leslie and Walker, 2000; Menz et al., 2001). Pi origi-
nally binds to BE (the empty site) for ATP synthesis.
The synthesis reaction occurs at the three catalytic
sites interdependently and successively. Each catalytic
site undergoes conformational changes resulting in the
following reaction: substrate (ADP + Pi) binding —
ATP synthesis — ATP release. In the FO sector, the
mechanical rotation of the rotor shaft leads to confor-
mational changes in the catalytic domains in F1 for
ATP synthesis. The reverse reaction of ATP hydrolysis
causes reverse conformational changes in the FO sec-
tor and consequently changes the direction of rotation
of the rotor shaft. These conformational changes in
the catalytic centers are associated with rotation of the
v subunit. A deeper understanding of the FOF1 struc-
ture and function could highlight the potential path-
ways for the development of ATP synthase as a target
for molecular medicinal agents and its application in
nanotechnologies and nanomedicine (Whitesides,
2003; Khataee, H. and Khataee, A., 2009).

Consequently, it is extremely important to under-
stand the structure and catalytic function of ATP syn-
thase, in particular, the way in which Pi binding leads
to ATP formation, for an understanding of the pro-
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cesses of inhibition of enzyme function when it binds
to medicinal agents (Bullough et al., 1989; Gledhill
and Walker, 2005; Hong and Pedersen, 2008).

Mechanism of Oligomycin-A Binding
to the C Subunit of FOFI1-ATP Synthase

The study of the oligomycin-binding site is of great
interest due to the wide use of oligomycin-like inhibi-
tors and the existing potential to detect novel medici-
nal agents based on this mechanism (inhibition of the
C subunit of FOF1-ATP synthase).

The C subunit of ATP synthase is a membrane-
integrated protein consisting of two helices, 1 and 2, that
penetrate the inner mitochondrial membrane (Fig. 3a).
The C subunit is a ring consisting of different numbers
of subunits depending on the type. For example, this
complex comprises ten subunits in the yeast ATP syn-
thase and eight subunits in the bovine ATP synthase
(Stock et al., 1999; Watt et al., 2010).

The C subunit is a significant component of the
proton turbine of ATP synthase, which converts elec-
trochemical energy into mechanical rotation and vice
versa. An indispensable part of the C subunit is the
glutamic acid (Glu59) in helix 2; its function is direct
proton movement from the cytosol to the mitochon-
drial matrix during ATP synthesis. The side chain of
the carboxyl group of Glu59 is almost in the middle of
helix 2 and is located in the lipid bilayer. It is involved
in protonation due to the closed conformation. Sub-
unit A forms two proton half-channels through which
a proton is transferred and bound to the carboxyl
group of Glu59 in the open conformation, which
makes the protonation/deprotonation process possi-
ble (Pogoryelov et al., 2010; Fillingame and Steed,
2014). Oligomycin A binds to the two neighboring sub-
units of the ¢ ring positioned at the proton-access
channel and blocks the major carboxyl groups, which
leads to inhibited proton translocation. The molecule
of oligomycin A binds to amino acid residue Glu59
and prevents the binding of the side chain of the car-
boxyl group to the water molecule. The side chain of
the carboxyl group of amino acid Glu59 forms a
hydrogen bond with the water molecule, which, in
turn, forms a hydrogen bond with the oxygen of the
carbonyl group of Leu57 and the oxygen of the car-
bonyl group of oligomycin (036). Thus, Glu59 forms
a hydrogen bond with oligomycin via the link with the
water molecule. Other interactions between oligomy-
cin and the C subunit primarily occur due to van der
Waals forces (Fig. 4). The interatomic distances
between the ¢ subunit and oligomycin atoms are 3.7—
4.9 A. Amino-acid residue Phe64 forms a series of
interactions with six carbon atoms of oligomycin,
including C2 and C3, which have a double bond with
oligomycin A (Palmer and Potter, 2008) and thus can
also interact via m—m stacking. Each of the two amino
acid residues, Ala56 and Ala60, interacts with the
opposite ends of oligomycin molecule via bonding
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between oligomycin and the C ring (the N and O
chains). Other amino acid residues interact with oligo-
mycin via bonding to only one of the C subunits.

The study of the binding mechanism of the recently
studied agent R207910 (TMC207), which inhibits
ATP synthase and is highly effective against tuberculo-
sis mycobacteria, showed that strains resistant to this
agent contain three independent mutations in the gene
encoding the C subunit (Asp26Val, Ala61Pro,
Ile64Met) (Andries et al., 2005; Koul et al., 2008).

In the model of the C subunit of yeast, amino-acid
residue Asp26 is localized in helix 1 next to Gly25,
which imparts resistance to oligomycin and cross
resistance to related drugs in the case of mutation
(Nagley et al., 1986; Galanis et al., 1989). In yeasts,
Alab61 is localized next to Ala60, one of the two resi-
dues interacting with oligomycin in both molecules of
the C subunit that form a binding site.

The Ala(61)Pro mutation causes a kink in the alpha
helix and destroys the binding site for medicinal
agents. Amino-acid residue Ile64 corresponds to
Phe64 in yeasts, which forms critical contacts with oli-
gomycin. Though the structure of R207910 is highly
different from that of oligomycin, this chemical com-
pound has some similar chemical properties, which
confirms the similarity between the binding site of oli-
gomycin A and the C subunit of mitochondria and
bacteria. In addition, this binding site for oligomycin
A in the C subunit can be also used by other inhibitors
of bacterial ¢ ring and probably by analogous inhibi-
tors binding to VO (the FO analog) of the vacuolar-
type ATPase (Drose and Altendorf, 1997), which can
yield one more potential target agent.

Thus, the study of biotargets for oligomycin A and
its derivatives is one of the key trends in the develop-
ment of novel drugs on their basis.

ANTIBIOTIC OLIGOMYCIN A
AND ITS DERIVATIVES; THEIR
MECHANISMS OF ACTION
IN ACTINOBACTERIA

Oligomycin-like antibiotics belonging to the group
of macrolides are produced by many actinobacteria,
including Streptomyces sp. WK-6150 (Enomoto et al.,
2001), S. virginiae 17 (Danilenko et al., 2012), Strepfo-
myces sp. MCI-2225 (Kobayashi et al., 1987), S. libani
(Kim et al., 1999), S. diastatochromogenes, S. diastati-
cus (Yang et al., 2010), Actinoalloteichus sp. NPS702
(Sato et al., 2012), etc. These strains are resistant to
oligomycin-like antibiotics, because they produce
antibiotics of this class. At present, the mechanisms of
sensitivity in different strains susceptible to oligomy-
cin-like antibiotics remain unstudied. S. fradiae (xing-
haiensis) ATCC 19609, which is supersensitive to oli-
gomycin A (<0.001 nmol/mL or 0.0005 nmol/disc),
seems to be one such strain (Alekseeva et al., 2009).
The available data demonstrate the existence of several
Vol. 10
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Fig. 4. Interaction between C-subunit atoms and oligomycin A. (a) Atoms are shown as spheres, and residues are shown as rods
within a range of 5 A from the atoms in the oligomycin molecule. Dotted lines indicate atomic distances in the range of 2.5—2.8 A
for three hydrogen bonds and 3.7—4.8 A for hypothetical van der Waals forces; (b) the interactions between oligomycin A and the
C ring. The residues for which the atom is within the range of 4.8 A are shown by dotted lines (possible interaction) (according to

Symersky et al., 2012, with modifications).

targets for oligomycin A in the cells (Wender et al.,
2006). It can be supposed that the mechanisms of sen-
sitivity of actinobacterial strains to oligomycin A are
determined by several biotargets in the cells, the anti-
biotic capacity to penetrate the cell, the absence of a
mechanism of antibiotic release from the cell, the
absence of cell repair systems, etc. Novel semisyn-
thetic derivatives of oligomycin A were synthesized at
the Gauze Scientific Research Institute of New Anti-
biotics to determine the sensitivity mechanisms and to
detect additional biotargets and to establish in detail
the mechanism of interaction between oligomycin A
and the latter, including FOF1-ATP synthase. The
derivatives were selectively modified at the fragments
of antibiotic molecule (position 33 of the side chain)
involved in the binding to the C subunit of FOF1-ATP
synthase (Fig. 5).

Nitron-oligomycin was synthesized via the interac-
tion between oligomycin A and hydroxylamine hydro-
chloride in pyridine in the presence of sodium acetate
(Lysenkova et al., 2009); (33.5)-azido-33-deoxyoligo-
mycin was synthesized via the interaction between
33-O-mesyl oligomycin A and sodium azide in
dimethylformamide at 60—65°C; 33-O-mesyloligo-
mycin A was synthesized via the interaction between
methane sulfochloride and oligomycin A in pyridine
(Lysenkova et al., 2013); in addition, a new method of
chemical modification of oligomycin A in the side
chain was developed (Fig. 6). The interaction between
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33-O-mesyloligomycin and potassium thiocyanate
was used to synthesize (33S)-33-deoxy-33-thiocya-
nate oligomycin (Fig. 6). (33S)-33-deoxy-33-thiocya-
nate oligomycin showed a slightly lower activity against
S. fradiae as compared to the initial oligomycin A
(Lysenkova et al., 2015).

The activity of newly synthesized derivatives of oli-
gomycin A was monitored with a test system based on
the bacterial strain S. fradiae (xinghaiensis) ATCC
19609, which is supersensitive to oligomycin A. All
derivatives showed lower activity against S. fradiae
ATCC 19609; moreover, some of them were less toxic
for oligomycin A.

For the further development of a new generation of
chemotherapeutic agents, it will be necessary to detect
all potential intracellular targets and to study the
mechanisms of resistance of bacterial cells to oligomy-
cin A and its derivatives.

Sensitivity and Resistance to Oligomycin A in Bacteria,
Including Actinobacteria

Most bacteria are sensitive to various antibiotics of
different chemical classes (Jorgensen et al., 2009). The
sensitivity or resistance of a strain to any antibiotic is
determined by the following parameters: the strain is
considered sensitive if MIC in vitro (1—10 ug/mL)
makes therapy successful; the strain is considered nat-
urally resistant if MIC in vitro (more than 100 ug/mL)
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H;C H;C OHCH; CHj3; CHj3 H;C HAC OHCH; CH; CHj
. ; . ;

MeSO,Cl, DMAP,
pyridine

NaN;, DMF

Cu, Cul—4a-b
without Cu, Cul—4c¢

R = COOH
H,NCH,CH,NMe,,
PyBOP

H3C H3C OHCH3 CH3 CH3
> 7

4a. R = Ph, 4b. R = COOCH3;, 4c. R = COOH

Fig. 5. Scheme of the synthesis of 33-O-mesyl oligomycin A (2), (335)-azido-33-deoxyoligomycin (3), and 33-deoxy-33-(1,2,3-
triazol-1-yl) oligomycin A (4a—d) from oligomycin A (1) (according to Lysenkova et al., 2013, with modifications).
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Fig. 6. Synthesis of (33S)-33-deoxy-33-thiocyanate oligomycin (3). Oligomycin A (1). 33-O-mesylate oligomycin A (2).

makes successful therapy impossible (Rodloff et al.,
2008). Eukaryotic strains, including Saccharomyces
cerevisiae, are sensitive to oligomycin A at a level of
25 ug/mL (Park et al., 2011), while gram-negative
bacteria are naturally resistant to oligomycin A and its
derivatives (Kim et al., 1997). Some gram-positive
microorganisms are sensitive to oligomycin A and its
derivatives; they belong to the class of actinobacteria.
Bacteria of the genus Streptomyces have different levels
of sensitivity to oligomycin A. The MIC of oligomycin A
for the strain .S. albus ATCC 21132 is 0.01 nm/disc
(Lysenkova et al., 2015); the level of sensitivity is
slightly less than in S. lividans 66 (MIC 1 nm/disc
(Alekseeva et al., 2009)). The strain S. fradiae (xing-
haiensis) ATCC 19609 is supersensitive to oligomycin A:
MIC < 0.001 nmol/mL (Lysenkova et al., 2015).

CONCLUSIONS

S. fradiae (xinghaiensis) ATCC 19609 is supersensi-
tive to oligomycin A and is used as a model object for
the study of FOF1-ATP synthase. FOF1-ATP syn-
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thase is a unique, universal machine of pro- and
eukaryotic organisms that supplies them with energy
as a result of ATP synthesis under aerobic conditions
and the generation of a transmembrane proton gradi-
ent under anaerobic conditions. FOF1-ATP synthase
is a rather well-studied nanomachine and, hence, it is
possible to start to develop on its basis a natural-like
biotechnological construct for proton transport in
order to create a novel energy source. Oligomycin A
and its derivatives are classical chemical molecules
that have been used for many decades to study the
function of FOF1-ATP synthase. Earlier, we found
the strain S. fradiae (xinghaiensis) ATCC 19609, which
is sensitive to oligomycin A in nanoscale quantities
(0.001 pg/mL). In addition, it was shown that the
function of FOF1-ATP synthase probably depends on
the phosphorylation by serine-threonine protein
kinases. Tens of new semisynthetic derivatives of oli-
gomycin A with different effects on FOF1-ATP syn-
thase have been synthesized. It was shown that, in
addition to FOF1-ATP synthase, oligomycin A can
affect DNA repair and replication systems (Bekker
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et al., 2019). All of these findings make it possible to
proceed to a new level of research on FOF1-ATP syn-
thase as a nanomachine for ATP synthesis and hydro-
lysis and its application as a biotarget for new drugs.
Deeper study of the mechanisms of supersensitivity to
oligomycin A and its derivatives in S. fradiae (xing-
haiensis) ATCC 19609 will make it possible to use the
discovered new mechanisms for the detection of new
biotargets in bacterial cells and the creation of novel
antibacterial agents.

The importance of ATP synthase as a promising
biotarget for drug development is also indicated by the
fact that many antibiotics, such as efrapeptin, aurover-
tin, and oligomycin, inhibit precisely ATP synthase.
Efrapeptin and aurovertin inhibit ATP synthesis and
hydrolysis (van Raaij et al., 1996). Oligomycin is a
powerful inhibitor of ATP synthase via binding to the
FO complex, which blocks proton conductivity. The
literature data show that oligomycin induces an apop-
totic response in cultured human lymphoblastoid cells
and other mammalian cells within 12—18 h but, at the
same time, mitochondrial inhibitors do not cause
apoptosis in cells without the mitochondrial respira-
tory chain (Wolvetang et al., 1994). Another such
study showed that oligomycin interacts with separate
mitochondrial components, which, in turn, can result
in the apoptosis of individual cells due to enhanced
expression of CD14 (Mills et al., 1999). Thus, it is
quite possible that the interactions between ATP syn-
thase and other inhibitors can play a significant role in
apoptotic mechanisms in mitochondria.
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