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Abstract⎯Previously, in the strain Streptomyces rimosus ATCC10970 (producer of oxytetracycline), the ami-
noglycoside phosphotransferase AphVIII, determining kanamycin, neomycin, and paromomycin resistance,
was identified and characterized. Recently, the authors obtained the 3D structure of AphVIII. The 14 aph
genes, including gene aphVIII, were annotated when the genome of S. rimosus ATCC10970 was sequenced.
In the present study, a new aph(3'')-Id (aphSR3) gene encoding streptomycin phosphotansferase was first
identified in the strain of S. rimosus ATCC10970 using bioinformatic and comparative phylogenetic analysis
of the aphSR1-aphSR14 genes with the previously known aph genes from clinical isolates and producer strains
of aminoglycoside antibiotics belonging to seven subfamilies. When cloning, it was found that the gene
aphSR3 (aph(3'')-Id) in Escherichia coli causes resistance to streptomycin at a concentration of 150 μg/mL.
The obtained data can be used in practical terms to study the distribution and features of the functions of
genes that determine the natural resistance to aminoglycoside antibiotics in actinobacteria of the genus Strep-
tomyces.
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The subject of this study is aminoglycoside phos-
photransferase (aph) genes which determine the natu-
ral resistance to aminoglycoside antibiotics. They rep-
resent a serious threat to antimicrobial therapy and
thus are of important epidemiological significance.
The multiple drug resistance (MDR) of bacteria to
antibiotics is a global problem in the field of medicine,
agroindustrial complex, and public health in general
and is caused by the spread of bacteria in food and
agricultural animals and plants, as well as in soil and
water sources. In this connection, the study of the
resistivity of soil bacteria as one of the main reservoirs
and possible sources of drug resistance genes becomes
urgent at the first level [1, 2].

Aminoglycoside phosphotransferase (Aph) (EC 2.7.1.)
is a family of enzymes that modify aminoglycoside
antibiotics by phosphorylation of their hydroxyl
groups in the presence of ATP as a cofactor. Classical
representatives of aph, common in clinical strains of
bacteria, can be divided according to substrate speci-
ficity into the genes encoding kanamycin phospho-

transferases, streptomycin phosphotransferases, gen-
tamicin phosphotransferases, and hygromycin phos-
photransferase; other genes can perform other
functions [3].

Initially, the genes of aminoglycoside phospho-
transferases were detected on plasmids and mobile
elements in clinical strains of gram-negative and
gram-positive bacteria [4, 5]. Aph enzymes of the sec-
ond type were found in actinobacteria—strains pro-
ducing aminoglycoside antibiotics [6, 7]. Later, Aph
enzymes of the third type, which determine the natu-
ral resistance to aminoglycosides in other bacteria,
including soil ones, were detected. However, the func-
tions of genes annotated as aph in sequenced genomes
have not been sufficiently studied yet [8]. The aph genes
are annotated in many genomes, including commensal
bacteria of intestinal microbiota, from which they can
be transferred to clinically significant strains [9].

A phylogenetic analysis of Aph obtained from clin-
ical strains and strains producing aminoglycoside
antibiotics revealed that, depending on the position of
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the hydroxyl group of the antibiotic modified by the
enzyme, seven subfamilies of aminoglycoside phos-
photransferases are distinguished: Aph(2''), Aph(3'),
Aph(3''), Aph(4), Aph(6), Aph(7''), and Aph(9) [10].

Actinobacteria of the genus Streptomyces contain
the largest number of aph genes. To date, the 301
genomic sequence of actinobacteria strains belonging
to the genus Streptomyces is represented in the NCBI
database (https://www.ncbi.nlm.nih.gov/genome/).
The bioinformatic analysis conducted by us showed
that from 4 to 16 aminoglycoside phosphotransferases
genes are present in the genomes. They determine the
initial (natural) level of resistance to these antibiotics.
However, studies of the structure and functions of Aph
of a new type are not represented in the world litera-
ture.

Previously, when studying the resistance spectrum
of 110 strains of the genus Streptomyces to aminoglyco-
side antibiotics, it was found that the ATCC10970
S. rimosus strain (producer of oxytetracycline) is resis-
tant to most aminoglycoside antibiotics at a concen-
tration of 10–20 μg/mL [11, 12]. In the S. rimosus
strain, we identified and characterized the aminogly-
coside-3'-phosphotransferase of a new type, AphVIII,
which determines the resistance to kanamycin, neo-
mycin, and paromomycin [13]. An important feature
of AphVIII is its ability to modulate aminoglycoside
phosphotransferase activity by phosphorylation of the
Ser146 site in the activation loop of the enzyme [14].
We recently obtained a 3D structure of AphVIII with a
resolution of 2.15 Å (code PDB 4H05) [15]. 14 aph
genes, including the aphVIII gene, were annotated
when sequencing the genome of S. rimosus subsp.
rimosus ATCC10970 [16].

Within the framework of the current article, bioin-
formatic and phylogenetic analysis of genes of the Aph
ATCC10970 S. rimosus strain, cloning of selected aph
genes into E. coli, and study of the spectrum and level
of resistance to aminoglycoside antibiotics of E. coli
strains containing recombinant plasmids are pre-
sented.

Sequences of the aminoglycoside phosphotrans-
ferases genes of ATCC10970 S. rimosus strain were
obtained from the NCBI database. In the genome of
the S. rimosus strain, 14 Aph genes were annotated,
named as follows (according to the number of gene
loci): SRIM_04805—aphSR1; SRIM_07573—
aphSR2; SRIM_08058—aphSR3; SRIM_10001—
aphSR4; SRIM_10156—aphSR5; SRIM_11866—
aphSR6; SRIM_16495—aphSR7; SRIM_16815—
aphSR8; SRIM_16890—aphSR9; SRIM_23171—
aphSR10; SRIM_27244—aphSR11; SRIM_32326—
aphSR12; SRIM_33711—aphSR13; and SRIM_39853—
aphSR14. The aphSR5 amino acid sequence com-
pletely coincides (100% identity, blastp) with the
previously sequenced and described aphVIII
sequence (no. AAG11411 in the GenBank data-
base). AphVIII was previously assigned to the
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3'-APH(3')-VIII subfamily [13]. A comparative
analysis of amino acid sequences of 14 Aph accord-
ing to the LALIGN program (http://www.ch.emb-
net.org/software/LALIGN_form.html) showed a
low degree of identity between them (26–36%).

The comparative phylogenetic analysis of amino
acid sequences of the identified gene products with the
previously known aph genes from clinical isolates and
strains producing aminoglycoside antibiotics belong-
ing to seven subfamilies of aminoglycoside phospho-
transferases, Aph(2"), Aph(3'), Aph(3"), Aph(4),
Aph(6), Aph(7"), and Aph(9) [10], was conducted
using the Clustal Omega (EMBL-EBI)
(http://www.ebi.ac.uk/Tools/msa/clustalo/) and
MEGA v. 6.0 (http://www.megasoftware.net/) soft-
ware programs.

On the basis of the results of the analysis, AphSR5
(AphVIII) can be attributed to the Aph(3') subfamily
and AphSR3 can be attributed to the Aph(3") subfam-
ily; this follows from the arrangement of phospho-
transferase data on the tree in clusters of these subfam-
ilies and is confirmed by the high bootstrap value of
the corresponding nodes of the tree (98–99%). Subse-
quent analysis of the alignment of the AphSR3 amino
acid sequence with the Aph(3")-Ia Streptomyces griseus
(streptomycin producer), Aph(3")-Ib Escherichia coli,
and Aph(3")-Ic Mycobacterium fortuitum sequences
allowed us to mark it as Aph(3")-Id (Fig. 1a).

According to phylogenetic analysis, AphSR2 is
located on one branch with Aph(7")-Ia, but bootstrap
support for the corresponding node of the tree is low
(<60%); nevertheless, the considered sequences con-
tain a number of conserved amino acid residues that
distinguish them from other Aph and provide the pos-
sibility to assign them to the subfamily Aph(7"). The
remaining 11 aminoglycoside phosphotransferases
cannot be assigned to any of the subfamilies described
above, since they are located on a tree outside their
clusters.

Isolation of the aph(3")-Id gene (aphSR3 locus of
the SRIM_08058 gene) was carried out from the
genomic DNA of S. rimosus strain by the PCR
method. DNA amplification was carried out using the
Dialat Ltd RSK-100 kit on a PTC-0150 device (MJ
Research, Inc.) using oligonucleotides: AphSR3-N
(5'-tcgtcatatggtgatcgatctgaccgcattc-3') and AphSR3-C
(5'-agccggatcctcatccccaggtcagggggt-3'). Amplifica-
tion mode: preheating at 95°С for 5 min; then
30 cycles of amplification: 1 min at 94°C, 1 min at
62°C, 1 min at 72°C; final elongation for 10 min at
72°C. The amplified DNA fragment was cloned in the
pET16b expression vector (Novagen, United States)
into NdeI and BamHI restriction endonuclease sites.

To study the expression of the aph(3'')-Id gene,
BL21(DE3) (F–, dcm, ompT, hsdS( ), gal λ
(DE3)) (Novagen); BL21(DE3) pLysS (F– ompT
hsdS(rB

– mB
–) gal dcm λ(DE3) [pLysS CamR]) (Strat-
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Fig. 1. Characteristics of the aphSR3 (aph(3'')-Id) gene of ATCC10970 S. rimosus strain: (a) comparison of the AphSR3 amino
acid sequence with the Aph(3")-Ia, Aph(3")-Ib, and Aph(3")-Ic sequences (conservative residues are shown in black); (b) electropho-
resis of soluble fraction of proteins belonging to different E. coli strains: (1–3) BL21(DE3) E. coli strain containing the plasmids
(1) pET16b, (2, 3) pET16b:aph(3")-Id; (4–6) BL21(DE3) strain pLysS containing the plasmids (4) pET16b, (5, 6) pET16b:aph(3")-Id;
(7–9) BL21(DE3) strain CodonPlus containing the plasmids (7) pET16b, (8, 9) pET16b:aph(3")-Id; M—SM0441protein
molecular weight marker (Fermentas, Lithuania).
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agene, United States); and BL21(DE3) CodonPlus
(F– ompT hsdS (rB

– mB
–) dcm+ TetR gal λ(DE3) endA

Hte [argU ileY leuW CamR]) (Stratagene) E. coli com-
petent cells were transformed using the
pET16b:aph(3'')-Id hybrid plasmid and grown in liq-
uid LB medium at 37°C to an optical density of 0.6 (~2 h);
then expression was induced by the addition of IPTG
to a final concentration of 1.3 mM. Then, the culture
was conducted at 28°C for 18 h, after which the cells
were pelleted by centrifugation (5000 rpm, 10 min,
4°C) and suspended in a Sample buffer of the follow-
ing composition: 62.5 mM Tris-HCl, pH 6.8, 5% glyc-
RUSSIA
erin, 2% 2-mercaptoethanol, 0.1% SDS, 0.001% bro-
mophenol blue; then the cells were destroyed by heat-
ing at 95°C for 10 min and analyzed by 12.5%
Laemmli-SDS-PAGE. As the control, protein frac-
tions of E. coli strains containing pET16b plasmid
without insert were used.

When cloning the aph(3'')-Id gene in E. coli cells,
an additional fraction of the protein with a molecular
weight of about 30 kDa, which corresponds to the cal-
culated molecular weight of the Aph(3")-Id protein in
total with the molecular weight of the linker protein of
pET16b plasmid containing His-Tag (Fig. 1b), was
N JOURNAL OF GENETICS  Vol. 54  No. 10  2018
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observed. The maximum expression of the aph (3")-Id
gene was established in the BL21(DE3) E. coli strain.

At the next stage of the work, the spectrum of resis-
tance to aminoglycoside antibiotics was tested using the
diffusion method. Clones of BL21(DE3) E. coli trans-
formants containing the pET16b:aph(3")-Id recombi-
nant plasmid were used for the analysis. Bacteria grown
on LB agar medium with ampicillin were inoculated
into LB liquid medium with ampicillin and grown in a
thermostated shaker for 18 h at 37°C at 250 rpm.

The bacterial suspension was then mixed with a
melted LB agar medium containing ampicillin
(150 μg/mL) and an IPTG inducer (20 μg/mL) in a
1 : 1 ratio (v/v). After that, 5 mL of the obtained mix-
ture was poured over the top layer onto pre-prepared
Petri dishes with LB agar medium with ampicillin and
IPTG (10 μg/mL). The resistance spectrum was
tested using paper disks with aminoglycoside antibiot-
ics: kanamycin (30 μg/disk), neomycin (30 μg/disk),
amikacin (30 μg/disk), streptomycin (10 μg/disk),
gentamicin (10 μg/disk), tobramycin (10 μg/disk),
sisomicin (10 μg/disk), netilmicin (10 μg/disk), and
isepamicin (30 μg/disk). The results were recorded
after incubation for 16–18 h at 37°C.

The studies conducted to determine the growth
inhibition zone around paper disks showed that the
aph(3'')-Id gene determines the resistance of BL21
(DE3) E. coli to streptomycin. The data obtained are
consistent with phylogenetic analysis, according to
which the gene is assigned to the Aph(3") class.

Testing the level of resistance to streptomycin by
the replica method showed that the BL21(DE3)
pET16b:aph(3'')-Id E. coli strain is resistant to strepto-
mycin at a concentration of 150 μg/mL.

It should also be noted that cloning of the aphSR2
gene in E. coli (locus of the gene SRIM_07573), desig-
nated by us as aph(7'')-Ib was similarly performed.
When cloning the aph(7'')-Ib gene in BL21(DE3)
E. coli cells, an additional fraction of the protein with
a molecular weight of about 39 kDa was observed,
which corresponds to the calculated molecular weight
of the Aph(7")-Ib protein including the molecular
weight of the His-Tag containing pET16b plasmid
linker protein. However, studies to determine the
growth inhibition zone around paper disks showed
that the aph(7'')-Ib gene does not determine the resis-
tance of E. coli to aminoglycoside antibiotics.

Summarizing the data obtained by the authors in
earlier published [13–15] and the present works, only
two out of the 14 aph genes of the АТСС10970 Strep-
tomyces rimosus strain—aphVIII (aphSR5) and
aph(3'')-Id (aphSR3)—exhibit resistance to aminogly-
coside antibiotics. Studies are conducted in E. coli
using the pET16b and pET32a expression vectors
(Novagen) under the T7 promoter to identify the func-
tions of 12 other genes annotated as Aph genes in
ATCC10970 S. rimosus.
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Thus, a new aph(3'')-Id (aphSR3) gene encoding
streptomycin phosphotransferase was identified for
the first time by us in the ATCC10970 S. rimosus
strain. When cloning the aphSR3 (aph(3'')-Id) gene in
E. coli, it was found that it causes resistance to strepto-
mycin at a concentration of 150 μg/mL.

The presented studies offer new opportunities for
studying the distribution and specificity of expression
of genes that determine the natural resistance to ami-
noglycoside antibiotics in actinobacteria of the genus
Streptomyces.

Within the framework of the further work, the
extraction of Aph(3'')-Id recombinant protein, the
analysis of phosphotransferase activity and phosphor-
ylation of substrates in vitro, the crystallization of the
test protein, and the X-ray diffraction analysis of the
obtained crystals are foreseen.
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