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Abstract—Antibiotic resistance is one of the greatest problems in modern medicine and a global threat to
health care. Aminoglycoside phosphotransferases (APHs) currently pose a serious threat to antimicrobial
therapy; therefore, research on the functions and obtainment of 3D structures of aminoglycoside phospho-
transferases is an important and urgent issue that will allow the development of approaches to overcome resis-
tance to aminoglycoside antibiotics. Soil actinobacteria of the Strepfomyces genus contain the largest number
of aph genes; these genes can be transferred to them from antibiotic producing strains. The review analyzes
the current data on the actinobacteria of the Streptomyces genus as a reservoir of drug resistance genes, as well
as approaches to the identification of aph genes associated with resistance to aminoglycoside antibiotics on
the example of the model strain S. rimosus ATCC 10970 (oxytetracycline producer). The data on the devel-
opment of test systems for the screening of inhibitors and potential drugs are discussed. The inhibition of pro-
teins that provide a natural level of bacterial resistance to a number of aminoglycoside antibiotics may help
overcome multidrug resistance in pathogenic actinobacteria and expand the range of drugs used due to the
synergistic effect of the antibiotic with the ARH inhibitor compound.
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INTRODUCTION

Antibiotic resistance is one of the greatest problems
in modern medicine and a global threat to health care.
According to the data of the Centers for Disease Con-
trol and Prevention, at least 2 million people are
infected with antibiotic resistant bacteria, and at least
7.23 million people die annually from diseases caused
by antibiotic resistant microorganisms (Hossion and
Sasaki, 2013). The World Health Organization
(WHO) asked the UN to discuss this problem and to
adopt appropriate recommendations. The problem is
determined not only by the catastrophic spread of
clinical strains of multidrug-resistant (MDR) bacte-
ria, but also by the spread of MDR bacteria in food,
farm animals, and plants, as well as in soil and water
sources (Link et al., 2007). Thus, it is relevant to study
soil bacteria as the main reservoir and a possible
source of drug-resistance genes (Gibson et al., 2015).

Aminoglycosides represent a large group of biolog-
ically active, secondary metabolites (Davies and
Wright, 1997). Since the discovery of this group of
antibacterial drugs, they have been widely used as a
therapeutic agent in the treatment of various severe
infectious diseases caused by gram-negative microor-
ganisms (Hermann, 2007). However, the range of the

application of aminoglycoside antibiotics is narrowing
due to the emergence of bacteria that are resistant to
them (Wright et al., 1998). Nevertheless, aminoglyco-
sides are currently among the most widely used antibi-
otics in clinical practice due to their high efficiency
and low cost (Forge and Schacht, 2000; Block and
Blanchard, 2019).

There are several main mechanisms of resistance to
aminoglycosides: the modification of ribosomes, the
target of aminoglycosides; a decrease in membrane
permeability and active transport from the cell; enzy-
matic modification of the antibiotic; and biofilm for-
mation. However, of all the known mechanisms of
resistance to aminoglycosides, modification by
enzymes is the most widespread (Wright and Thomp-
son, 1999).

Enzymes that modify aminoglycosides catalyze the
modification reactions of various —OH and —NH,
groups of the 2-dioxystreptamine core or sugar resi-
dues. These include nucleotidyltransferases (adenylyl-
transferases), phosphotransferases, and acetyltrans-
ferases (Wright, 2011). Acetyltransferases modify the
amino group of the aminoglycoside molecule, and
phosphotransferase and adenylyltransferase affect
hydroxyl group. The effect of aminoglycoside-modi-
fying enzymes (acetylation, phosphorylation, and
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Table 1. Generations of aminoglycoside antibiotics

Generation | Generation I1 Generation I11
Streptomycin Gentamicin Amikacin
Kanamycin Tobramycin Isepamicin
Neomycin Sisomycin
Monomycin Netilmicin
Paromomycin

The data in the table are given in accordance with the classifica-
tion presented in the literature (Krause et al., 2016; Hotta and
Kondo, 2018).

adenylation, respectively) leads to a change in the
structure of the antibiotic molecule such that it is
unable bind to the bacterial ribosome, as a result of
which protein synthesis is not inhibited and the bacte-
rial cell remains viable (Zarate et al., 2018).

Enzymatic modification of the antibiotic molecule
by phosphotransferases is a common mechanism of
aminoglycoside resistance in bacterial strains (Frase
et al., 2012). This is why the study of the structure and
functions of aminoglycoside phosphotransferases is an
important and urgent issue that will allow the develop-
ment of approaches to overcome resistance to amino-
glycoside antibiotics.

AMINOGLYCOSIDE ANTIBIOTICS

Aminoglycosides (aminocyclitols) represent a large
group of water-soluble antibiotics with a wide antimi-
crobial spectrum of activity (Wright and Thompson,
1999; Chandrika and Garneau-Tsodikova, 2018). The
aminoglycoside-antibiotic molecule contains two or
more amino sugars that are linked by glycosidic bonds
to the aminocyclitol ring (Busscher et al., 2005). Spec-
tinomycin also belongs to the aminoglycosides, in the
molecule of which there are no bonds between the
aminocyclitol ring and the amino sugar (Bryskier,
2005; Veyssier and Bryskier, 2005).

Aminoglycoside antibiotics possess a bactericidal
effect, the mechanism of which consists of the binding
of the aminoglycoside to the decoding site of the ribo-
some and the disruption of protein synthesis (Sut-
cliffe, 2005; Hermann, 2005, 2007).

The aminoglycoside antibiotics include streptomy-
cin, kanamycin, neomycin, gentamicin, tobramycin,
amikacin, etc. There are three generations (Table 1) of
aminoglycoside antibiotics (Reshedko, 1999; Hotta
and Kondo, 2018).

The newest aminoglycoside antibiotic to date is
plazomicin, a semisynthetic derivative of sisomycin.
A drug based on plazomicin is currently in clinical tri-
als (Serio et al., 2017; Shaeer et al., 2019).

The antibacterial action of aminoglycosides is
mediated by their chemical structure. Since aminogly-
coside antibiotics contain a significant number of pos-
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itively charged groups, they have high affinity to nega-
tively charged molecules, such as nucleic acids (Jana
and Deb, 2006).

Ribosomes are one of the main targets of the effect
of antibiotics in the bacterial cell. Most antibiotics
used in clinical practice inhibit the elongation stage
during protein synthesis: aminoglycosides, chloram-
phenicol, lincosamides, macrolides, oxazolidinones,
streptogramins, and tetracyclines. Despite the large
size of ribosomes, antibiotics interact only with several
sites. Antibiotics that interact with the 30S subunit
bind either the P site or the A site (Ogle et al., 2003;
Vicens and Westhof, 2003; Ogle and Ramakrishnan,
2005; Zaher and Green, 2009; Wilson, 2014).

The main target of aminoglycoside antibiotics is a
small subunit of the bacterial ribosome (30S), which
includes 21 proteins and 16S rRNA. Aminoglycosides
bind to 16S ribosomal RNA, more precisely, to the
A site, which leads to a disruption of translation during
protein synthesis (Fourmy et al., 1996; Carter et al.,
2000; Ramirez and Tolmasky, 2010). The model of the
molecular interaction of aminoglycoside antibiotics
with the A site was studied in detail via X-ray diffrac-
tion analysis (Magnet and Blanchard, 2005).

SOIL BACTERIA OF THE Streptomyces GENUS
AS PRODUCERS OF AMINOGLYCOSIDES

The largest number of antibiotics (at least 70%)
widely used in practice refers to substances formed by
soil actinobacteria (the Actinomycetales order). Soil
bacteria belonging to the Streptomyces genus are pro-
ducers of the most important aminoglycoside antibi-
otics (Block and Blanchard, 2019). Table 2 presents
producers of various aminoglycosides (Wright et al.,
1998).

Actinobacteria are one of the largest bacterial phyla
and are widespread in aquatic and terrestrial ecosys-
tems. Most of the representatives of this group of bac-
teria are saprophytes, microorganisms that live in the
soil, but they are found in fresh and salt water, as well
as in air. They are usually present in soil at densities of
10°—10? bacterial cells per gram of soil, while strepto-
mycetes account for more than 95% of all actinomy-
cete strains isolated from soil (Barka et al., 2015).
Some actinobacteria are causative agents of human
and animal diseases: Actinomyces israelii is the caus-
ative agent of actinomycosis. Actinomyces meyeri, Acti-
nomyces neuii, and Actinomyces turicensis are causative
agents of diseases localized in various parts of the
body, mouth, skin, and mucous membranes
(Kononen and Wade, 2015).

Streptomyces is the largest genus of actinomycetes.
It includes gram-positive aerobic bacteria that form a
network of branched filaments, substrate mycelium,
and aerial mycelium. Currently, there are about 843
species and 38 subspecies of the Streptomyces genus
(LPSN, http://www.bacterio.net/streptomyces.html).
Vol. 10

No. 6 2020



GENES OF AMINOGLYCOSIDE PHOSPHOTRANSFERASES IN SOIL BACTERIA

Table 2. Producers of aminoglycoside antibiotics

509

Antibiotic Producer strain Reference
Kanamycin Streptomyces kanamyceticus ATCC 12853 Nepal et al., 2009
Streptomycin Streptomyces griseus C-96 Takahashi and Nakashima, 2018
Gentamicin Micromonospora purpurea ATCC 31164 Lietal., 2013
Spectinomycin Streptomyces spectabilis ATCC 27741 Thapa et al., 2008
Butirosin Bacillus circulans ATCC 21557 Ota et al., 2000
Tobramycin Streptomyces tenebrarius, Streptomyces cremeus subsp. nebramycini| Motkova et al., 1984
Neomycin Streptomyces fradiae NCIM 2418 Vastrad and Neelagund, 2014
Amikacin Semisynthetic derivative of kanamycin
Isepamicin Semisynthetic derivative of gentamicin B

The cell wall of streptomycetes contains alanine, glu-
tamic acid, glycine, and LL-2 and 6-diaminopimelic
acids (LL-DAP). Their DNA is characterized by a
high content of guanine and cytosine, and the content
of G + C in the most widely studied species, e.g.,
Streptomyces coelicor, reaches 72.1% (Bentley et al.,
2002). Their main habitats are soil and sea water (Siti
et al., 2017). The Streptomyces genus is the largest
genus capable of synthesizing antibiotics, and it has
been used since the 1940s—1950s in the industrial pro-
duction of antibiotics (Newman and Cragg, 2007).

Although streptomycetes are considered primarily
to be free-living, terrestrial, soil-forming bacteria,
some species are symbionts with fungi, insects, plants,
and animals (Seipke et al., 2012), and some strains
inhabit marine soils (Fiedler et al., 2005). Several spe-
cies of streptomycetes are plant pathogens that cause
disease by affecting roots and tubers (Zhang and
Loria, 2017). The most economically important dis-
ease caused by members of the Streptomyces genus is
the potato scab, which is characterized by surface
lesions of potato tubers (Loria et al., 2006). Another
pathogenic species, S. ipomoeae, causes soil rot on
sweet potatoes (Tomihama et al., 2016). Other patho-
genic streptomycete species include S. europaeiscabiei,
S. stelliscabiei, S. luridiscabiei, S. puniciscabiei,
S. niveiscabiei, S. reticuliscabiei, and S. caviscabies
(Goyer et al., 1996; Bouchek-Mechiche et al., 2000;
Park et al., 2003). Numerous studies of representatives
of this genus showed that they can be found in almost
all ecosystems of our planet, while they successfully
compete with representatives of other phylogenetic
groups, dominating in the microbial population, due
to their unusual metabolism and secondary metabo-
lites (Berdy, 2012).

Many representatives of the Streptomyces genus are
well studied, since they are commercially significant
producers of secondary metabolites and hydrolytic
enzymes. One of these strains is Strepfomyces lividans,
a classical object of molecular genetic research that is
also used to obtain homologous and heterologous
hydrolytic enzymes for industrial use. Due to the com-
mercial value of the strain, its metabolic pathways and
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the mechanisms of the secretion of some substances
were studied in great detail (Gullén and Mellado,
2018).

The development of technologies related to
genome sequencing and the analysis of data libraries,
as well as the calculation resources of computer
devices, has accelerated and simplified the identifica-
tion of numerous clusters of genes for the biosynthesis
of natural medicinal compounds (BGCs) in the strep-
tomycete genomes. However, most of these BGCs are
silent or are expressed in the original strains at a low
level, which makes it relevant to study them with
genome editing. Numerous strategies, including those
using CRISPR/CRISPR-Cas technologies, are being
developed. This method of genome editing has
a higher accuracy than other methods and a higher
efficiency for genome editing in various model organ-
isms, including streptomycetes (Tao et al., 2014; Cobb
et al., 2015).

In addition, streptomycete strains are promising
sources of new antibiotics against multidrug/exten-
sively drug-resistant strains, including methicillin-
resistant Staphylococcus aureus. Streptomycetes were
already sources of such antibiotics, in particular, van-
comycin. Over the years, the number of new antibiotic
compounds has decreased significantly, which resulted
in the fact that fewer drug compounds reached the stage
of clinical trials. Since the discovery of streptomycin in
1944, studies have identified more than 10400 biolog-
ically active substances in Streptomyces. At the same
time, the search for new antibiotics has slowed, and
the rate of resistance formation to them has increased,
which makes the search for new antibiotics and their
producers from unusual habitats urgent (Berdy, 2012).
For this purpose, strains from poorly studied regions
are primarily considered: mangroves, deserts, and
marine and freshwater reservoirs, as well as endo-
phytic forms. The microorganisms that inhabit these
regions face difficult environmental conditions, high
salinity, high temperatures, and low humidity. These
streptomycete strains have a unique metabolism and
form unique, biologically active compounds (Kemung
et al., 2018).
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Fig. 1. Phylogenetic analysis of 34 kinases that modify antibiotics (Shakya et al., 2011).

CLASSIFICATION OF AMINOGLYCOSIDE
PHOSPHOTRANSFERASES

Aminoglycoside phosphotransferases are enzymes
that modify aminoglycoside antibiotics via phosphor-
ylation of their hydroxyl groups in the presence of ATP
as a cofactor (Smith and Baker, 2002). It was previ-
ously thought that only ATP is the donor of the phos-
phate moiety, but it was recently found that several
phosphotransferases use GTP instead of ATP (Shakya
and Wright, 2010; Shi and Berghuis, 2012; Smith et
al., 2012). More than 30 phosphotransferases have
been identified from clinical strains and strains pro-
ducing aminoglycoside antibiotics; the identity of
their amino acid-sequences varies from 20 to 40%.

It was found that the enzymes of the aminoglyco-
side-phosphotransferase family are similar in struc-
ture and function to eukaryotic serine-threonine pro-
tein kinases and, according to the modern classifica-
tion, are classified as kinases that modulate bacterial
resistance to antibiotics (Kim and Mobashery, 2005;
Morar and Wright, 2010). Kinases that modify antibi-
otics include aminoglycoside phosphotransferases
(APH) and macrolide phosphotransferases (MPH).
Figure 1 shows a phylogenetic analysis of kinases that
modify aminoglycoside antibiotics (Shakya et al.,
2011).

Depending on the hydroxyl-group position of the
antibiotic modified by the enzyme, there are seven
subfamilies of aminoglycoside phosphotransferases:
APH(2"), APH(3'), APH(3"), APH(4), APH(6),
APH(9), and APH(7") (Vakulenko and Mobashery,
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2003; Ramirez and Tolmasky, 2010; Shakya et al.,
2011). Table 3 presents the information on these sub-
families (Vakulenko and Mobashery, 2003; Ramirez
and Tolmasky, 2010; Shi et al., 2013).

The subfamily of aminoglycoside-3'-phospho-
transferases is the most widespread and studied; this
subfamily includes eight isozymes. The Aph(3')-V
enzymes were found in actinobacteria: in the neomy-
cin-producing strain Streptomyces fradiae (Va), in
Streptomyces ribosidificus (Vb), and in Micromonospora
chalcea (Vc) (Thompson and Gray, 1983; Hoshiko et
al., 1988 ; Salauze et al., 1991; Wright and Thompson,
1999).

In the streptomycin-producing strain Strepfomyces
griseus, two streptomycin phosphotransferases,
APH(3")-Ia and APH(6)-1a, were found (Heinzel
et al., 1988; Collins et al., 2007).

In recent years, a large number of actinobacterial
genomes have been sequenced. During the annotation
of genomes in actinobacteria of the Streptomyces
genus, 4—14 genes of aminoglycoside phosphotrans-
ferases were found. They determine the initial (natu-
ral) level of resistance to aminoglycoside antibiotics.
The functions of genes annotated as aph in the
sequenced genomes are poorly understood at present
and require further research to test whether these
hypothetical enzymes are true aph resistance genes
(Anderson et al., 2002).

In a study of the spectrum of antibiotic resistance
in 110 strains of the Streptomyces genus, it was found
that S. rimosus ATCC 10970 (an oxytetracycline pro-
Vol. 10
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Table 3. Distribution of aminoglycoside phosphotransferases of various types in strains producing aminoglycoside antibiotics

APH Gene Location in genome Revealed in strain Substrate
APH(3")-Va |aph(3)-Va, aphA-5a Chromosome Streptomyces fradiae Neomycin, paromomycin
APH(3)-Vb | aph(3)-Vb, aphA-5b, rph Chromosome Streptomyces ribosidificus
APH(3)-Vc |aph(3)-Vc, aphA-5c Chromosome Micromonospora chalcea
APH(3")-1a |aph(3")-1a, aphE, aphD2 Chromosome Streptomyces griseus Streptomycin
APH(4)-1b aph(4)-1b, hyg Chromosome Streptomyces hygroscopicus | Hygromycin
APH(6)-1a aph(6)-la, aphD, strA Chromosome Streptomyces griseus Streptomycin
APH(6)-1b aph(6)-1b, sph Chromosome Streptomyces griseus
APH(7")-1a  |aph(7")-1a, aph7" Chromosome Streptomyces hygroscopicus | Hygromycin
APH(9)-Ib aph(9)-1b, spcN Chromosome Streptomyces flavopersicus | Spectinomycin

ducer) is the only one among those studied that is
resistant to most aminoglycoside antibiotics at a con-
centration of 10—20 ug/mL (Danilenko et al., 1977).

Streptomyces rimosus AMINOGLYCOSIDE
PHOSPHOTRANSFERASES

Aminoglycoside Phosphotransferase Aph(3')-VIII

During the multistage selection of S. rimosus
ATCC 10970 cells resistant to increasing doses of
kanamycin (from 10 to 4 x 10* ug/mL), a strain with
aminoglycoside-3'-phosphotransferase activity and
chromosomal DNA rearrangements was obtained.
The antibiotic resistance determinant of the S. rimosus
ATCC 10970 strain, designated as Km', was found; it
was amplified in a DNA fragment of 10.3 x 10° bp and
characterized by genetic instability. The frequency of
the transition Km® <> Km® is 1 x 1073. This type of
instability is widespread among actinomycetes and is
typical for most signs that are not related to primary
metabolism (Potekhin and Danilenko, 1985).

The Km" determinant was cloned into the Strepto-
myces lividans 66 strain as a part of the vector plasmid
SLP1.2; the phenomenon of the amplification of this
determinant within the constructed hybrid plasmids
pSU1—pSU13 was studied in detail. It was shown that
the subcloning of this chromosomal DNA fragment in
the described plasmids makes Strepfomyces lividans
cells resistant to kanamycin, neomycin, and paromo-
mycin. Crude, cell-free extracts of such transformants
demonstrate aminoglycoside phosphotransferase
activity, the substrate specificity of which corresponds
to the spectrum of antibiotic resistance. The nucleo-
tide sequence of the DNA fragment containing the
Km'® determinant was determined, and the open read-
ing frame for the aminoglycoside 3'-phosphotransfer-
ase gene was found. Based on the nucleotide sequence
and substrate specificity of the encoded enzyme, the
aph gene from S. rimosus ATCC 10970 was assigned to
a new class of genes and designated as aph(3)-VIII,
and its product was designated as APH(3')-VIII
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(Potekhin and Danilenko, 1985; Starodubtseva et al.,
1985; Danilenko et al., 1997).

During further research, the aph(3’)-VIII gene was
cloned into the unicellular green alga Chlamydomonas
reinhardtii as a part of the plasmid vector pSU973. It
was demonstrated that nuclear transformants of this
alga carrying the vector pSU973:aph(3)-VIII are
highly resistant to paromomycin (300—500 ug/mL).
Analysis of the total proteins of the transformants via
polyacrylamide gel electrophoresis under nondena-
turing conditions showed that a protein with a molec-
ular weight of ~30 kDa exhibits aminoglycoside phos-
photransferase activity (Sizova et al., 1996, 2001).

The nucleotide sequence of the aph(3')-VIII gene
was clarified and deposited in GenBank under the
number AAG11411. This sequence is 804 bp in length
and encodes an APHVIII protein with a length of
267 amino acids, a molecular weight of 29.1 kDa, and
an isoelectric point of 4.59. Comparison of the amino-
acid sequences of APH(3")-VIII and aminoglycoside
phosphotransferases from strains that produce amino-
glycoside antibiotics made it possible to detect signifi-
cant differences and to assign this enzyme to a separate
group (Sizova et al., 2002).

To determine the role of the aph(3)-VIII gene
from the S. rimosus ATCC 10970 strain, it was also
cloned into E. coli BL21 (DE3) as part of the plasmid
vector pSI10. Earlier, chromosomal mutations affect-
ing the level of cell resistance to aminoglycosides were
found in S. lividans, which may be localized in the
gene encoding the APH(3")-VIII protein activator
(Potekhin and Danilenko, 1985). In this case, the role
of protein-activity activators in Streptomyces can be
played by serine-threonine protein kinases of the
eukaryotic type. To test the hypothesis that APHVIII
is activated via phosphorylation by protein kinases, the
heterologous expression of the aph(3')-VIII gene was
studied in transformed prokaryotic cells that do not
contain eukaryotic protein kinases (E. coli) and in
eukaryotic cells (Chlamydomonas reinhardtii). It was
demonstrated that the Chlamydomonas transformants
have a higher level of resistance to paromomycin at a



512

lower content of the APH(3')-VIII protein. This phe-
nomenon may be associated with protein activation
via phosphorylation by serine-threonine protein
kinases. Comparison of the amino-acid residues
APH(3')-VIII and serine-threonine protein kinases of
actinomycetes revealed a local similarity of 38 amino
acids in the conserved region involved in ATP binding.
A bioinformatic search for potential phosphorylation
regions found four regions for serine-threonine pro-
tein kinases, including Ca?*-dependent ones (Sizova
et al., 2002).

The aminoglycoside-phosphotransferase activity
was determined radiochemically in a crude cell-free
extract of S. lividans TK64 containing the plasmid
pSU951:aph(3)-VIII. Plasmid-free S. lividans TK64
was used as a negative control, and an extract of E. coli
cells transformed with the pSV2neo plasmid that pro-
duced streptomycin transferase was used as a positive
control. After the incubation of aminoglycoside anti-
biotics with *’2P-yATP with the cell-free extract, radio-
labeled phosphorylated antibiotics were isolated via
thin-layer chromatography with polyethyleneimine-
cellulose, and the level of radioactivity of the obtained
samples was measured. The APH(3)-VIII enzyme
was shown to have phosphotransferase activity against
the aminoglycoside antibiotics kanamycin, neomycin,
and paromomycin (Danilenko et al., 1997).

The aminoglycoside-phosphotransferase activity
of APH(3")-VIII in crude cell extracts of Chlamydomo-
nas reinhardtii was also studied via autoradiography,
which found result enzymatic activity against paromo-
mycin and neomycin (Sizova et al., 1996).

The substrate specificity of APH(3')-VIII was
determined via isolation of the water-soluble fraction
of proteins from E. coli transformed with the vector
pET16b:aph(3)-VIII. A protein fraction with a molecu-
lar weight of about 30 kDa was detected via gel electro-
phoresis under denaturing conditions. The transfor-
mants were resistant to paromomycin at a concentra-
tion of up to 60 ug/mL (Sizova et al., 2002).

In further studies, APH(3")-VIII containing His10
from E. coli extracts was isolated and purified with the
use of columns with Ni-NTA agarose under native
conditions, after which SDS-PAGE was performed.
Fractions containing a 31.5-kDa protein were purified
via chromatography (Elizarov et al., 2005). The kana-
mycin kinase activity of the enzyme was analyzed in a
reaction mixture containing 0.3 pg Aph(3')-VIII,
1.2 mg/mL kanamycin, 7.5 mM [y-*P]ATP, 4 mM
NaHCO;, 20 mM Tris-HCI pH 7.8, 10 mM MgCl,,
60 mM KCl, and 3 mM DTT. At the same time, a high
enzymatic activity against the aminoglycoside antibi-
otic kanamycin was demonstrated via autoradiography
(Elizarov et al., 2012).

Actinomycetes represent a promising model for
research on the interaction between eukaryotic protein
kinases and aminoglycoside phosphotransferases in
the regulation of cellular processes and drug resis-
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tance. Via immunoprecipitation with antibodies to
APH(3')-VIII and in vitro labeling, it was found that
endogenous protein kinases in S. rimosus extracts
actively phosphorylate APH(3")-VIII at two serine res-
idues. Moreover, the amount of phosphate introduced
in APH(3")-VIII is 1.84 times higher in the presence of
Ca’". Further analysis showed that the phosphoryla-
tion of APH(3")-VIII is catalyzed by serine-threonine
protein kinases (STPKSs) with molecular weights of 55
and 74 kDa. At the same time, the activity of the
55-kDa kinase depends on calcium and calmodulin. It
was found that kanamycin phosphotransferase activity
of the phosphorylated protein APH(3")-VIII is 3.72
times higher than that of the unmodified enzyme. The
studied protein kinases are involved in the regulation
of kanamycin resistance in S. rimosus cells, which can
be modulated through changes in the activity of spe-
cific ligand-dependent STPKs (Elizarov et al., 2005).

Bioinformatic analysis and molecular modeling
were used to identify four potential phosphorylation
sites of APH(3")-VIII: S95, S146, S160, and S215. For
further identification of phosphorylation sites, mutant
variants of the aph(3')-VIII gene were obtained from
point mutations, with Ser — Ala substitutions in the
identified positions. Comparative analysis of the
kanamycin kinase activity of the nonphosphorylated
and phosphorylated forms of the initial and mutant
variants of the APH(3")-VIII protein showed that
Ca?*-dependent phosphorylation of Serl46 in
APH(3")-VIII leads to a six- to sevenfold increase in
the kanamycin kinase activity of APH(3')-VIII. Thus,
Ser146, which is located in the enzyme-activation
loop, is critical for its activity. It was also shown that
APH(3')-VIII is an enzyme activated by protein
kinases (Elizarov et al., 2012).

A full length model of the APH(3")-VIII structure
was created with the Swiss-Model server for modeling
based on the structures of the enzymes APH(3")-11
(identifier IND4) and APH(3")-1II (identifier 1L8T),
which are available in the PDB database. Molecular
modeling made it possible to identify (Fig. 2) phos-
phorylation site Ser146 in the enzyme-activation loop
(Elizarov et al., 2012).

Analysis of the molecular dynamics of the complex
of nonphosphorylated APHVIII with kanamycin,
ATP, and two Mg ions revealed changes in the
enzyme structure due to weakening of the contact
between the C- and N-terminal domains. The mobil-
ity of domains determines the release of ATP from the
substrate bound to the C-terminal lobe and the inter-
action of phosphate with the N-terminal lobe, which
leads to the catalytically inactive form APH(3")-VIII
(Elizarov et al., 2012).

X-ray crystallography was used to obtain the 3D
structure of APH(3")-VIII at a resolution of 2.15 A;the
identification number in PDB is 4HO05 (Fig. 3). Anal-
ysis of the obtained structure and comparison with the
already existing structures of aminoglycoside-3'-
Vol. 10
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S160

pS146

S215

Fig. 2. Model of APH(3')-VIII tertiary structure. Positions
S95, S146, S160, and S215 are probable phosphorylation
sites of APH(3")-VIII (Elizarov et al., 2012).

phosphotransferases allowed the identification of the
Serl46 region in the enzyme-activation loop. It was
shown that there was a change in the conformation in

this region that occurs upon interaction with the sub-
strate (Boyko et al., 2016).

Thus, aminoglycoside-3'-phosphotransferase of
anew type, APHVIII, was identified and character-
ized in the S. rimosus ATCC 10970 strain (Potekhin
and Danilenko, 1985; Sizova et al., 2002), and the 3D
structure of the enzyme was determined, PDB code
4HO05 (Boyko et al., 2016).

Modulation of the APH(3")-VIII activity by serine-
threonine protein kinases is used in practice to create
highly efficient test systems for the selection of STPK
inhibitors with the APH(3")-VIII protein construct
and target human and bacterial STPKSs. The principle
of operation of test systems of this type is based on the
fact that phosphorylation of the APH(3")-VIII
enzyme, which inactivates aminoglycoside antibiotics,
by protein kinases increases the resistance of bacterial
cells to kanamycin. In contrast, protein kinase inhibi-
tors make bacterial cells more sensitive to kanamycin.
These properties of the test system allow a biotarget-
directed search for protein kinase inhibitors as poten-
tial drugs of a new generation. The first test system of

Fig. 3. APH(3")-VIII and its comparison with the structures of other aminoglycoside-(3')-phosphotransferases (Boyko et al.,
2016). (a) APHVIII, monomer; (b) comparison of APHVIII and APH-II in a complex with kanamycin A (ID PDB: 1ND4);
(c) comparison of APHVIII and APH-III in a complex with ADP and kanamycin A (PDB ID: 1L8T); (d) magnified view of the
substrate binding region. The region of the flexible loop NPL in the region of 21—27 amino-acid residues (numbering according
to APHVIII) is indicated by the arrow, and the loop between 4 and B5-folded layers is also indicated. APH-I in the complex

with ADP (PDB ID: 4EJ7).
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{}

Protein kinase

Phosphorylation

Protein kinase
inhibitor

No phosphorylation

APHVIII Ser146-1, Kan®

APHVIII Ser146-1, Kan®

{}

Kanamycin
resistance

!

Kanamycin
sensitivity

Fig. 4. Principle of test-system functioning: phosphorylation of APH(3")-VIII at Ser146 by STPK increases E. coli resistance to
kanamycin; the addition of an inhibitor prevents APHVIII phosphorylation and reduces kanamycin resistance (Zhukova et al.,

2011).

this type was a system developed based on the strain
Streptomyces lividans TK24 (66) APH* (Danilenko
et al., 2008). One such system is the E. coli/aphVIIl/
pk25 test system, which is used to prescreen Pk25
inhibitors of the Strepfomyces lividans strain and its
structural homologs. In particular, this test system can
be used to prescreen STPK inhibitors of a number of
pathogenic microorganisms, such as PknA and PknlJ
of M. tuberculosis strains, StkP of S. pneumonia, and
some human STPKs, including PKA, CaMKI, and
Pac2 (Becker et al., 2010).

Another test system of this type is the E. coli/aphVIIl/
pim-1 system. Figure 4 shows the principle and fea-
tures of this system. Site-directed mutagenesis in the
region of Ser146 allowed this site to be optimized for
the most efficient phosphorylation by protein kinase
Pim-1. STPKSs of the Pim family positively regulate
the cell cycle and play an important role in the patho-
genesis of tumors of the blood system, supporting cell
proliferation. Inhibitors of STPKs of the Pim family
are potential drugs for the treatment of leukemia and
lymphomas (Zhukova et al., 2011).

Another system of this type is the recently devel-
oped E. coli/aphVIIl/gsk3p test system. This system
includes the gene for the catalytic domain of the
GSK3p protein kinase and the APH(3')-VIII gene,
a substrate of phosphorylation. To optimize the func-
tioning of the test system, two APH(3")-VIII modifi-
cations were obtained in the region of the phosphory-
lation site Ser146. The targeted selection of GSK3[-
protein kinase inhibitors is a promising direction in the
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drug therapy for type-2 diabetes, Alzheimer’s disease,
and chronic inflammatory diseases (Alekseeva et al.,
2018).

Aminoglycoside Phosphotransferase APH(3”)-1d

Analysis of the genome of S. rimosus ATCC 10970
(Pethick et al., 2013) made it possible to identify
14 genes annotated as aph, including aphVIII. These
14 aph genes were designated aphSRI—14. Based on
phylogenetic similarities, only three of the 14 genes,
aphSRS5 (aphVIII), aphSR3, and aphSR2, were
assigned to the known subfamilies APH(3"), APH(3"),
and APH(7"), respectively.

The aph(3")-1d gene, which encodes streptomycin
phosphotransferase, in S. rimosus ATCC 10970 was
first identified for Strepfomyces, which are not produc-
ers of aminoglycoside antibiotics; the APH(3")-1d
enzyme was biochemically characterized (Alekseeva
etal., 2019). The aph genes, which belong to the
APH(3") subfamily, are streptomycin phosphotrans-
ferases. It is known that resistance to streptomycin
mediated by aminoglycoside phosphotransferases is
the result of the action of two classes of enzymes,
APH(3") and APH(6) (Wright and Thompson, 1999).
Phylogenetic analysis of phosphotransferases from
clinical bacterial strains and producers of aminoglyco-
side antibiotics (Shakya et al., 2011) and 14 APH
S. rimosus ATCC10970 showed that AphSR3 belongs
to the APH(3") subfamily. The aph(3’) genes were
described earlier: aph(3")-1a in streptomycin producer
No. 6
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Streptomyces griseus (Heinzel et al., 1988), aph(3")-1b
in the plasmid RSF1010 Escherichia coli (Scholz et al.,
1989), and aph(3")-Ic in Mycobacterium fortuitum
(Ramoén-Garcia et al., 2006). Multiple sequence
alignments showed that AphSR3 has all conserved
domains typical for the APH(3") subfamily (Heinzel
etal., 1988; Wright and Thompson, 1999; Ramoén-
Garcia et al., 2006). The aphSR3 gene was designated
aph(3")-1d. Analysis of the resistance to aminoglyco-
side antibiotics showed that the aph(3")-1d gene deter-
mines the resistance of E. coli cells to streptomycin.
The APH(3")-1d (AphSR3) protein was first isolated
in native conditions. Evaluation of the phosphotrans-
ferase activity of the APH(3")-1d protein in vitro with
two methods showed that the APH(3")-Id protein is
enzymatically active and capable of catalyzing phos-
phorylation of the substrate, the aminoglycoside anti-
biotic streptomycin. The ability of the newly identified
streptomycin phosphotransferase to undergo auto-
phosphorylation in vitro is unique to this class of
enzymes. This property is well known for eukaryotic
serine-threonine and tyrosine protein Kinases
(Hashimoto et al., 2008), as well as for bacterial ser-
ine-threonine protein kinases of the eukaryotic type
(Damle and Mohanty, 2014). Autophosphorylation is
an important mechanism for the regulation of the bio-
logical activity of protein kinases. However, there are
no literature data on the autophosphorylation of ami-
noglycoside phosphotransferases. It should be noted
that the autophosphorylation of serine/threonine and
tyrosine is a unique property for this group of enzymes
(Alekseeva et al., 2019).

Aminoglycoside Phosphotransferase AphSR2

A study on the effect of serine-threonine protein
kinases on increased resistance to aminoglycoside
antibiotics during the cocloning of the apASR2 gene in
E. coli and STPK genes pkSR1 and pkSR2 localized in
the same cluster of the Streptomyces rimosus ATCC
10970 genome was described. When these genes were
cocloned in F. coli, it was found that aphSR2 causes
neomycin resistance, which is modeled by pASRI1. It
was shown that cloning of the pkSRI gene in E. coli
confers resistance to neomycin and hygromycin.
E. coli containing pkSRI possesses increased resis-
tance to neomycin, and coexpression of the genes
aphSR2 and pkSR1 results in a twofold increase in the
resistance level. The presented data are the second
example of the effect of STPK on modulation of the
level of aminoglycoside-antibiotic resistance in Strep-
tomyces bacteria. It was shown that APHSR2 is the
second aminoglycoside phosphotransferase of strep-
tomycetes and, in particular, of S. rimosus, for which
the data show that the level of resistance is increased
by STPK and is an accumulative result of their coex-
pression. In practical terms, the data can be used to
study the distribution and features of the functions of
genes that determine natural resistance to aminogly-
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coside antibiotics in actinobacteria of the Streptomyces
genus (Rudakova et al., 2020).

CONCLUSIONS

The results of many years of our own research and
analysis of the literature indicate, it would seem, that
aminoglycoside phosphotransferases currently pose a
serious threat for antimicrobial therapy (Shakya and
Wright, 2010; Ribeiro da Cunha et al., 2019). Classical
representatives of aph, which are common in clinical
strains of bacteria, cause resistance to antibiotics.
They can be divided into several groups according to
their substrate specificity: kanamycin phosphotrans-
ferases, streptomycin phosphotransferases, gentamy-
cin phosphotransferases, and hygromycin phospho-
transferases. The other genes may perform other func-
tions (Shakya et al., 2011; Wright, 2011). To overcome
the problem of antibiotic resistance, advances in the
next generation of genome sequencing, bioinformat-
ics, and analytical chemistry will be combined.

Aminoglycoside phosphotransferases are well
studied in actinobacteria of producers of aminoglyco-
side antibiotics, but they are insufficiently studied in
other actinobacteria of the Streptomyces genus.

Current approaches to the identification of genes
responsible for antibiotic resistance include genomic
DNA sequencing, followed by gene annotation. Acti-
nobacteria of the Streptomyces genus contain 4—16 aph
genes. The functions of genes annotated as aph in
sequenced genomes are currently poorly understood
and require further research to test whether these
hypothetical enzymes are true aph resistance genes
(Wright, 2019).

The genes that encode bacterial aminoglycoside
phosphotransferases have a common evolutionary
ancestor. The classification of the studied aph genes
from Streptomyces bacteria based on phylogenetic sim-
ilarity with previously known aph genes belonging to
seven subfamilies of aminoglycoside phosphotransfer-
ases makes it possible to identify genes associated with
resistance to aminoglycoside antibiotics and, in the-
ory, to predict the spectrum of resistance encoded by
this aph gene.

Thus, in the model S. rimosus ATCC 10970 strain
with a high level of resistance to aminoglycosides, only
three genes, aphSR5 (aph(3)-VIII), aphSR3 (aph(3")-
Id), and aphSR2, belong to the known subfamilies
APH(3"), APH(3"), and APH(7") based on phyloge-
netic similarity. Aminoglycoside phosphotransferases
APH(3') modify the 3'-OH-group in a wide range of
aminoglycosides, including kanamycin, neomycin,
paromomycin, lividomycin, ribostamycin, butirosin,
amikacin, and isepamicin. APH(3") modify the 3"-
OH-groups of streptomycin, and APH(7") provide
bacterial resistance to hygromycin.

The emergence of drug-resistant bacteria has led to
the need to develop new drugs. The obtainment of
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crystal structures of the studied enzymes allows the in
silico docking of APH protein inhibitors belonging to
different subfamilies. The inhibition of proteins that
provide a natural level of bacterial resistance to a num-
ber of aminoglycoside antibiotics could help to over-
come multidrug resistance in pathogenic actinobacte-
ria and to expand the range of used drugs due to the
synergistic effect of the antibiotic with the APH-
inhibitor compound.
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