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ABSTRACT In the search for new antibiotics, it is a common occurrence that already known molecules are 
“rediscovered” while new promising ones remain unnoticed. A possible solution to this problem may be 
the so-called “target-oriented” search, using special reporter microorganisms that combine increased anti-
biotic sensitivity with the ability to identify a molecule’s damaging effect. The use of such test organisms 
makes it possible to discover new promising properties even in known metabolites. In this study, we used a 
high-throughput screening method based on the pDualrep2 dual reporter system, which combines high sen-
sitivity through the use of modified strains of test organisms and makes it possible to easily and accurate-
ly identify the interaction mechanisms of a substance and a bacterial cell at the initial stages of screening. 
This reporter system is unknown in Russia and is significantly superior to its global analogues. In the sys-
tem, translation inhibition induces the expression of the fluorescent protein Katushka2s, while DNA damage 
is induced by TurboRFP. Using pDualrep2, we have isolated and described BV-204, an S. phaeochromogenes 
strain producing K-1115A, the biologically active substance that we have previously described. In our study, 
K-1115A for the first time has demonstrated antibiotic activity and an ability to inhibit bacterial translation, 
which was confirmed in vitro in a cell-free translation system for FLuc mRNA. K-1115A’s antibacterial activ-
ity was tested and confirmed for S. aureus (MRSA) and B. subtilis, its cytotoxicity measured against that for 
the HEK293 cell line. Its therapeutic index amounted to 2 and 8, respectively. The obtained results open up 
prospects for further study of K-1115A; so, this can be regarded as the basis for the production of semi-syn-
thetic derivatives with improved therapeutic properties to be manufactured in dosage forms.
KEYWORDS actinomycetes, K-1115A, antibiotics, reporter system pDualrep2, inhibition of protein biosynthesis, 
in vitro translation, citizen science.
ABBREVIATIONS BGC – biosynthetic gene cluster; CF – culture fluid; SPE – solid phase extraction; MIC – 
minimum inhibitory concentration; CMSA – chromatography-mass spectrometric analysis; HPLC – high-ef-
ficiency liquid chromatography; LPS – lipopolysaccharide; FLuc mRNA – messenger RNA encoding firefly 
luciferase.

INTRODUCTION
Pathogens becoming more resistant to antibiotics is 
one of the most pressing problems of modern med-
icine, because the potential of the molecules already 
found and long ago introduced into medical practice 
is now almost exhausted, and the rate of discovery of 
new ones has significantly slowed compared to what 
it was during the “Golden Age” of antibiotics in the 

middle of the twentieth century. Most antibiotics dis-
covered during large-scale screening [1–3] turn out to 
be “rediscoveries” of previously discovered molecules, 
but the new tools for investigating action mechanisms 
have enabled us to look at these substances from a 
new angle and discover new potential in them [4–6].

Such new tools are target-based screening and the 
methods for determining the action mechanism of a 
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molecule at the initial stages of research. These tools 
allow one to focus a search on the antibacterial agents 
specific to the most promising targets and may even 
accelerate molecule identification. Currently, we are 
successfully utilizing a reporter system in which com-
pounds that inhibit protein or DNA biosynthesis are 
detected by fluorescent protein reporter gene expres-
sion in response to this inhibition. The relevance of 
this approach lies in that a ribosome is a key element 
in the functioning of a living cell, and considering the 
significant differences in the structures of the ribo-
somes of pro- and eukaryotes, it creates an opportu-
nity to produce a highly specific effect on bacterial 
ribosomes and significantly increase the chances of 
developing drugs with good therapeutic properties.

Actinomycetes of the genus Streptomyces are the 
richest source of biologically active substances and 
produce approximately 50% of the antibacterial sub-
stances used in pharmaceutics [7–9]. Actinomycetes 
are among the prokaryotes of the largest genomes 
and have a large coding potential imparting a struc-
tural diversity to the secondary metabolites they pro-
duce. Tens of thousands of such molecules have been 
described so far, and even “rediscovered” ones often 
show new, unique properties.

Previously, thanks to the mentioned reporter sys-
tem, we were able to establish the action mechanism 
of tetracenomycin X [10], a molecule whose antibac-
terial properties were first described in the 1960s. 
Tetracenomycin X has a structure similar to that of 
doxorubicin, so it was believed that its effect was also 
based on intercalation into the double-stranded DNA 
structure. But our study showed that this molecule 
inhibits protein biosynthesis by interacting with the 
ribosome in a new, previously unexplored binding 
center, giving hope that new, promising semi-synthet-
ic derivatives may be developed from it.

In the present study, we detected a strain produc-
ing K-1115A, a substance whose antibacterial action 
mechanism is based on protein biosynthesis inhibition. 
This was confirmed by a test in a cell-free translation 
system. The results obtained have allowed us to con-
clude that the substance acts as an inhibitor of pro-
tein biosynthesis.

EXPERIMENTAL

Microorganisms sampling, isolation and culturing 
S. phaeochromogenes BV-204 was isolated from soil 
samples collected at the Sirius Federal Territory. The 
samples were collected in the spring of 2021 in a park 
area on the Black Sea coast (43°23’53.7″N 39°57’48.2″E). 
Sampling was carried out following the method de-
scribed in [11, 12]. The top layer of the soil (0–5 cm) 

was removed with a sterile spatula and placed in a 
sterile specimen collection container. Actinobacteria 
were isolated by surface seeding on agarized nutrient 
media from serial dilutions of soil suspensions as per 
[13]. ISP3 [13] combined with nystatin (250 µg/mL) 
and nalidixic acid (10 µg/mL) was used as a nutri-
ent medium to inhibit the development of fungi and 
Gram-negative bacteria, respectively. The culture was 
incubated for 14 days at 28°C.

Strain BV-204 was selected on the basis of mor-
phological characters, isolated in pure culture from 
primary inoculation on the Gauze 1 mineral agar for 
micromorphological studies [14]. For in vitro mainte-
nance, the strain was cultured on the ISP3 medium; 
for long-term storage, it was grown in a liquid ISP3 
medium for 14 days with constant stirring (200 rpm 
at 28°C), and then the resulting suspension was mixed 
with an equal volume of a 50% glycerol solution and 
frozen in liquid nitrogen; the samples were stored at 
-80°C. 

Polyphase strain identification
The culture attributes of the strain (presence and 
color of aerial mycelium, release of soluble pigments) 
were evaluated on dense media recommended by the 
International Streptomyces Project (ISP) after 14 days 
of cultivation at 28°C [15]. The morphological charac-
teristics (presence and shape of reproductive spore 
chains, character of the spore surface) were evalu-
ated using a Zeiss Axiolab A1 light Zeiss (Carl Zeiss 
Microscopy GmbH, Germany) and a scanning elec-
tron microscope JSM-6380LA (JEOL Ltd., Japan) af-
ter 14 days of growth at 28°C in the ISP3 medium. 
The samples for electron microscopy were prepared 
as described in [16]. The utilization of carbon sourc-
es (mono- and polysaccharides, alcohols) was eval-
uated on a ISP9 mineral agar with the addition of 
bromоcresol purple at 28°C during 14 days [15]; the 
ability to degrade starch, cellulose, and casein by the 
size of polymer hydrolysis zones, as per [17, 18]. The 
sensitivity to different antibiotics was determined 
using antibiotic-impregnated paper disks (HiMedia 
Laboratories Pvt. Ltd., India).

Whole-genome sequencing, phylogenetic 
analysis and BGC analysis
DNA from the producer strain was isolated as per 
[19]. The genome of strain BV-204 was sequenced de 
novo on an Illumina HiSeq 4000 platform (Illumina, 
USA) and assembled using SPAdes v3.13.0 [20]. It 
was annotated using the RASTtk pipeline based on 
the PATRIC web service [21]. The genome’s integri-
ty and quality, as well as average nucleotide identity 
(ANI), were assessed using the MiGA web service 
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(http://microbial-genomes.org). Its phylogenetic affil-
iation was investigated using full-genome sequenc-
ing on the Type (Strain) Genome Server (TYGS) 
(https://tygs.dsmz.de/). The genome was automatical-
ly compared to all the genomes represented in the 
TYGS database using the MASH algorithm [22]. Its 
phylogenetic tree was obtained using FastME 2.1.6.1 
based on GBDP distances calculated from the ge-
nome’s nucleotide sequences. The branch lengths 
were scaled by applying the GBDP d5 distance for-
mula [23]. The BGCs of its bioactive compounds were 
identified using the bacterial version of the antiS-
MASH 6.1.0 browser (https://antismash.secondarym-
etabolites.org). Homologous regions in each genome 
were identified using NCBI Blastn (https://blast.ncbi.
nlm.nih.gov).

Antimicrobial action screening
The primary antibacterial activity was determined on 
E. coli BW25113, whose codons 330–352 of the lptD 
gene were deleted, so it is hereinafter referred to as 
E. coli SS_lptd. This mutation leads to disruption of 
the normal lipopolysaccharide envelope synthesis of 
Gram-negative bacteria, making it more permeable to 
low molecular weight compounds [11]. The strain con-
tains the pDualrep2 plasmid [10]. In the presence of 
DNA replication or protein biosynthesis inhibitors, the 
strain expresses the fluorescent protein TurboRFP or 
Katushka2S (Supplementary, Fig. S7). Screening was 
performed by the agar diffusion method described 
previously [16]. Along with other strains, strain 
BV-204 was grown on ISP3 and tested on days 3, 6, 
and 9; for this purpose, a 5-mm-diameter agar block 
was cut from a lawn area with distinct growth and 
placed on cups containing an agarized LB medium 
pre-cultured with the test organisms. The fluorescent 
signal was detected the next day after culturing using 
a ChemiDoc MP (Bio-Rad) in SU 3 and SU 5 chan-
nels. To study the strain’s action spectrum, BV-204 
was tested on other test organisms, such as S. aureus 
ATCC 29213, S. aureus ATCC 25923, S. aureus SS01, 
S. aureus (MRSA) INA00761, B. subtilis ATCC 6633, 
C. albicans CBS 8836, and M. smegmatis Ac-1171. The 
antibacterial activity was evaluated by applying the 
agar diffusion technique described above. To form 
a bacterial lawn, an Agarized LB medium was uti-
lized. As for yeast, it was glucose-peptone-yeast agar 
[24], incubated at 37°C for 24 h to evaluate the size of 
growth suppression zones.

Separation and identification of active components
Initial screening established BV-204 ability to exhibit 
antagonistic activity when grown on the ISP3 medi-
um. To obtain the CF containing the active ingredi-

ent, the strain was cultured on a ISP3 liquid nutrient 
medium (7 days, 28°C in a New Brunswick Innova 
shaker (Eppendorf) at 200 rpm). The CF was sepa-
rated from the biomass by centrifugation at 4, 000 g, 
concentrated and purified by SPE. For this purpose, 
CF was applied to a Poly-Prep Econo-Pac chroma-
tographic column (Bio-Rad) containing 1 ml of LPS-
500H sorbent (Tekhnosorbent, Russia), then eluted 
with a stepwise gradient of water-acetonitrile (v/v) 
for fractional collection of the eluate. The antagonis-
tic activity of the collected fractions was investigated, 
and their active fractions were purified using HPLC.

HPLC analysis and fractionation were performed 
in a Vanquish Flex system with a diode array detec-
tor (Thermo Fisher Scientific, USA) equipped with 
a 5 µm C18(2) 100 Å, 250 × 4.6 mm Luna column 
(Phenomenex), flow rate 1 mL/min, injection volume 
20 μL. A 0.1% aqueous THF solution was used as elu-
ent A and acetonitrile with 0.1% THF as eluent B. 
Elution was performed by increasing the eluent B 
concentration from 25 to 95% for 10 min and then 
maintaining it at 95% for 2 min. Fractions of 1 mL 
were collected to analyze their antibacterial activity 
(Fig. S8).

The active fractions were analyzed using a 
UltiMate 3000 chromatograph (Thermo Fisher 
Scientific, USA) equipped with an Acclaim RSLC 120 
C18 2.2 µm 2.1 × 100 mm column (Thermo Fisher 
Scientific) and an amaXis II 4G ETD qTof-mass spec-
trometer (Bruker Daltonics). Measurements were 
performed in the 100–1,500 m/z spectrum record-
ing mode to register the three most intense ions, dis-
sociation type CID 10–40 eV, in nitrogen. The mass 
spectra were analyzed using OpenChrom Lablicate 
Edition (1.4.0.202201211106), TOPPView v.2.6.0 [25]. 
Chemical structures were identified using the GNPS 
[26], NPAtlas [27, 28], and the Dictionary of Natural 
Products 31.1 databases.

The active HPLC fraction (1 mL) was concentrated 
using a CentriVap vacuum bioconcentrator (Labconco) 
and dissolved in 500 µL of a 10% aqueous DMSO so-
lution; the resulting solution was referred to as the 
“antibiotic working solution.”

Translation inhibition in vitro
Translation suppression was studied in a cell-free 
system using a commercial E. coli T7 S30 Extract 
System for Circular DNA kit (Promega) as per the 
manufacturer’s instructions. The Antibiotic solution 
(0.5 µL) was added to the reaction mixture (4 µL) fol-
lowed by 0.5 μL of 200 ng/μL FLuc mRNA and incu-
bated for 1 h at 37°C.

The luciferase activity was measured by chemilu-
minescence intensity at a wavelength of 580(80) nm 
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using the Luciferase Assay Reagent kit (Promega) in 
a ClarioStar plate reader (BMG Labtech).

MIC and cytotoxicity
Overnight cultures of E. coli SS_lptd, S. aureus 
INA00761 (MRSA), S. aureus SS01, and B. subtilis 
ATCC 6633 were diluted with a fresh LB medium to 
OD600 = 0.6, and then the resulting inoculum was di-
luted 1,000-fold to obtain a working suspension. Some 
100 μl of the suspension was added to the wells of a 
sterile 96-well plate, except for the first and last rows. 
The first row was filled with 180 µl of the suspen-
sion each, and the last row was filled with 100 µl of a 
sterile nutrient medium to be used as a negative con-
trol. Then, 20 μl of the antibiotic solution was added 
to the first row of the plate and a series of twofold 
dilutions were obtained by sequentially transferring 
100 μl from the well of one row to the well of the 
next row. The penultimate row, where no antibiot-
ic was delivered, was used as a positive control. The 
plate was then incubated under stirring (200 rpm, 
37°C). Cell growth was recorded in 24 h at a wave-
length of 590 nm in the ClarioStar tablet reader. The 
substance concentration completely suppressing bac-
terial growth was considered as MIC.

To determine the cytotoxicity, the cell lines were 
prepared as per [29]. The HEK293 cells were cultured 
on the DMEM nutrient medium containing 10% FBS, 
4 mM of L-glutamine, and 4.5 g/L of glucose. A row 
of prepared microcentrifuge tubes was filled with 
100 µl of the nutrient medium each, then 80 µl of the 
medium and 20 μl of the antibiotic solution were add-
ed to the first tube, followed by two-fold serial dilu-
tions, transferring 100 µl each from the first tube to 
the second tube and then throughout the row. Double 
dilutions of doxorubicin ranging from 75.9 to 0.16 μM 
were used as negative controls; a number of wells 
with cells without antibiotics were left as positive 
controls. The contents of the tubes were transferred 
to the corresponding wells of a pre-arranged plate 
with cells and incubated for 3 days in a CO2 incuba-
tor at 37°C. After the incubation, 20 µL of a resazurin 
solution (0.15 mg/mL) was added to the wells contain-
ing a nutrient medium, stirred by rocking to distrib-
ute the dye evenly and incubated in a CO2 incubator 
at 37°C for 3 h. Fluorescence intensity was then mea-
sured in the ClarioStar plate reader (Ex = 545 nm, 
Em = 600 nm). 

RESULTS

Genetic and phylogenetic analyses
The results of full-genome sequencing and subse-
quent assembly demonstrated the genome size of 

BV-204 cells to be typical for representatives of the 
genus Streptomyces [30] and comprised 11,380,121 bp 
at the G+C content of 70.2%. Phylogenetic analy-
sis showed that BV-204 clustered most closely with 
S. phaeochromogenes JCM 4958 (formerly S. ederen-
sis JCM 4958) and together with it, as well as with 
S. umbrinus JCM 4521, S. liliifuscus ZYC-3, and 
S. albicerus TRM 68295, formed a monophyletic group 
with a maximum branching support value of 100% 
(Fig. 1).

Phenotypic and morphological properties of BV-204 
The strain is a Gram-positive aerobic bacterium with 
immobile cells growing actively on the ISP2 and ISP3 
and moderately on the ISP5 and ISP6 nutrient me-
dia. The substrate mycelium coloration varies from 
dark-brown to beige, the aerial mycelium is pale with 
pink shades, and no aerial mycelium is formed on the 
ISP6 medium. In addition, the strain growing on the 
ISP3 medium produces a dark brown soluble pigment 
(Supplementary, Table S1).

BV-204 cells have the same spectrum of carbohy-
drate utilization as previously described S. phaeochro-
mogenes JCM 4958(T) and S. umbrinus JCM 4521: 
they show no differences in their ability to utilize 
mono-, disaccharides, and alcohols. We also found that 
BV-204 was able to hydrolyze carboxymethylcellulose; 
i.e., this strain possesses cellulase activity not pre-
viously encountered in other representatives of this 
taxon (Supplementary, Table S2).

BV-204 

Streptomyces phaеochromogenes JCM 4958 

Streptomyces umbrinus JCM 4521 

Streptomyces liliifuscus ZYC-3 

Streptomyces albicerus TRM 68295 

Streptomyces tauricus JCM 4837 

Streptomyces ortus A15ISP2-DRY2 

Streptomyces dioscori A217 

Streptomyces liliiviolaceus BH-SS-21 

Streptomyces glomeroaurantiacus JCM 4677 

Streptomyces apricus SUN51 

Streptomyces fructofermentans JCM 4956

Fig. 1. Phylogenetic tree based on the complete genome 
of S. phaeochromogenes BV-204. The bootstrap analysis 
values are above 60%
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BV-204 forms straight, long chains of spores with 
a smooth surface, typical for strains of its kind [14] 
(Fig. 2).

Therefore, the results of the phylogenetic analy-
sis based on the polyphasic taxonomic approach and 
comparison of phenotypic traits enabled us to assign 
BV-204 to the species S. phaeochromogenes.

Antibacterial activity
Initial screening revealed the strain’s antibacterial ac-
tivity against E. coli SS_lptd pDualrep2. The sub-
stance secreted by the producer induced Katushka2S 
expression that could possibly inhibit protein synthe-
sis (Fig. 3). As positive controls, we used 0.05 µg of 
erythromycin (protein biosynthesis inhibitor) induc-
ing Katushka2S expression, and 1 ng of norfloxacin 
(DNA gyrase inhibitor) inducing TurboRFP expres-
sion. For convenience, the Katushka2S and TurboRFP 
signals were visualized in respective red and green by 
the ChemiDoc MP software. In E. coli JW5503 ΔtolC 
pDualrep2 no inhibition or induction of reporter fluo-
rescent proteins was registered.

BV-204 was found to inhibit the growth of Gram-
positive bacteria B. subtilis ATCC 6633, S. aureus SS01, 
and S. aureus INA00761 (MRSA); however, it did not 
inhibit S. aureus ATCC 29213, S. aureus ATCC 25923, 
C. albicans CBS8836, or M. smegmatis Ac-1171. Both 
the agarized and liquid ISP3 media were deemed opti-
mal for the strain to synthesize active metabolites.

Active substance identification
Pure active metabolites were obtained by solid-phase 
extraction from S. phaeochromogenes BW-204 CF and 

detected in fractions containing 30–40% acetonitrile. 
The fractions were concentrated and subjected to 
further separation and fractionation by HPLC. The 
activity was found to be associated with a compo-
nent eluted at 9.47 min (Supplementary, Figs. S10 and 
S11) and with absorption maxima at 276 and 407 nm. 
CMS analysis of this substance showed that it almost 
did not get ionized in the positive ion detection mode 
but yielded an intense [M–N] adduct corresponding 
to an accurate mass of 326.0805 Da (Supplementary, 
Fig. S12). Considering the characteristic absorption 
spectrum of the isolated compound in the NPAtlas, 
Dictionary of Natural Products, and PubChem data-
bases, a candidate with the gross formula C18H14O 
(accurate mass 326.0790, deviation 4.5 m.d.) and the 
structural formula shown in Fig. 4 was found.

Fig. 2. Electron micrography of S. phaeochromogenes 
BV-204 on the 14th day of incubation on the ISP3 medium 
at 28°C. The dimensional cutoff is 2 μm

а b

c

 Erythromycin 0.05 μg  Norfloxacin 1 ng

Fig. 3. Activity of the agar blocks containing 
S. phaeochromogenes BV-204 in the presence of E. coli 
lptd pDualrep2 on (a) the 3rd, (b) 6th, (c) and 9th days of 
growth

Fig. 4. Structure of the identified active component 
K-1115A (3,8-dihydroxy-9,10-dioxo-1-propylanthra-
cene-2-carboxylic acid)
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As alnumycin, K-1115A is of biosynthetic origin 
and produced by streptomycetes [31]. The fragmenta-
tion spectrum of the adduct with m/z 325.07 showed 
a major fragment ion [M–44] with m/z 281.08, consis-
tent with the carboxyl group present in the molecule.

Inhibition of protein biosynthesis 
by K-1115A in vitro
The ability of the HPLC-purified fraction of K-1115A 
to inhibit cell-free translation was investigated with 
erythromycin used as a reference translation inhib-
itor. The experiments were carried out in triplicate; 
the results of determining the dose-effect concentra-
tion dependence are presented in Fig. 5. The EC50 val-
ues were 0.004 and 0.606 μg/mL for erythromycin and 
K-1115A, respectively.

BGC analysis 
The bioinformatic methods applied enabled us to de-
tect alnumycin BGC in the genome of BV-204 with 
K-1115A as a bypass product, which was homolo-
gous to the gene cluster previously annotated in 
Streptomyces sp. CM020 (Fig. 6) [32]. The BGC con-
tains 32 open reading frames that may participate in 
the biosynthesis of alnumycin and K-1115A. It pre-
sumably consists of 22 structural and 10 regulato-
ry and transport genes. The cluster’s total length is 
31,030 bp. The antibiotic is synthesized by a type-II 
polyketide synthase.

DISCUSSION
The genus Streptomyces is the most extensive among 
actinomycetes, so most of the known and clinical-
ly relevant antibiotics, starting from streptomycin, 
have been isolated from the members of this taxon. 
Through the efforts of numerous scientific teams, 
data on tens of thousands of compounds exhibiting 
antagonistic activity had been published by 1980; 
most of them, however, were not fully characterized 
due to the limited methodological base of that time. 
One such compounds turned out to be K-1115A pro-
duced by the BV-204 strain that we detected dur-
ing a large-scale citizen-science screening using the 
pDualrep2 target-based reporter system.

The BV-204 producer strain, attributed from a 
polyphase analysis to the S. phaeochromogenes spe-
cies, demonstrated the ability to inhibit model strains 
and cause induction of a reporter system, suppress-
ing protein synthesis when grown on an oat medium.

Successive stages of CF solid-phase extraction fol-
lowed by HPLC fractionation resulted in the isola-
tion of the pure active substance. Subsequent CMSA 
suggested K-1115A (3,8-dihydroxy-9,10-dioxo-1-pro-
pylanthracene-2-carboxylic acid) as a candidate, as 

evidenced by the exact mass match and characteris-
tic UV spectrum consistent with previously published 
data [33]. The bioinformatic analysis revealed that the 
BV-204 genome had a BGC responsible for the pro-
duction of alnumycin and other related substances, 
including K-1115A, which also confirmed the strain’s 
ability to synthesize K-1115A. Moreover, the antibac-
terial activity of K-1115A had not been previously 
reported.

Some products of alnumycin BGC are known to 
have antibacterial activity [31], but their action mech-
anism has not been studied yet. Analysis of the refer-
ence genome (GenBank RefSeq:GCF_026343615.1) of 
S. phaeochromogenes NBC 00034 also revealed it to 
have an alnumycin BGC and conjugated compounds. 
This cluster had been annotated previously based on 
Streptomyces sp. CM020 [32], whose phylogenetic at-
tribution data have not been published. However, con-
sidering the high homologic and phenotypic similarity 

In
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Concentration, μg/ml

Erythromycin
К-1115А

Fig. 5. In vitro inhibition of luciferase gene translation by 
K-1115A and erythromycin

А

B

Transport genes

Other genes Core biosynthetic genes

Regulatory 
genes

Additional biosynthetic 
genes

Fig. 6. Alnumycin and K-1115A BGC in the genomes of 
(A) Streptomyces sp. CM020; (B) S. phaeochromogenes 
BV-204
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of the alnumycin BGCs from Streptomyces sp. CM020, 
S phaeochromogenes NBC 00034, and S phaeochromo-
genes BV-204, it can be assumed that Streptomyces sp. 
CM020 also belongs to the S. phaeochromogenes taxon.

According to published data, S. phaeochromo-
genes NBC 00034 produces various isomers of phaeo-
chromacetin (A, B, C, D, E) [34–38], as well as moeno-
mycin and bambermycin [38], but CMSA did not 
detect these products in the spectrum of the BV-204 
metabolites. It is noteworthy that no alnumycin was 
detected either. Disruption of the aln4 and aln5 genes 
can affect alnumycin biosynthesis [34] and transform 
it to K-1115A as a major product [32]. Gene alignment 
demonstrated that aln4 in Streptomyces sp. CM020 
and S. phaeochromogenes NBC 00034 were fully iden-
tical, whereas the nucleotide sequence of the aln4 
gene of BV-204 differs from them by several sub-
stitutions. The genetic sequences of the aln5 gene 
in the analyzed strains differ much more strongly 
(Supplementary, Fig. S9). This is probably the reason 
why our strain produces only K-1115A.

Analysis of the BV-204 genome revealed the re-
gions responsible for the synthesis of many second-
ary metabolites, such as siderophore coelichelin, but 
investigating the strain’s ability to form iron-chelat-
ing compounds using the agar diffusion method [39] 
yielded negative results.

3,8-dihydroxy-9,10-dioxo-1-propylanthracene-2-car-
boxylic acid was first isolated from the S. griseoru-
biginosus strain (Mer-K1115A). It was described as an 
anthraquinone-series compound and named K-1115A 
[33]. The compound’s anti-inflammatory properties 
have been studied, but no data on its antimicrobial ac-
tivity have been reported in the literature. However, 
there have been publications reports on the antagonis-
tic activity against Gram-positive bacteria of a struc-
turally similar molecule (3,8-dihydroxy-1-propylan-
thraquinone-2-carboxylic acid) [40]. Discs loaded with 
40 μg of the active agent were placed on the S. au-
reus and S. viridochromogenes lawns, with inhibition 
zones of 14 and 12 mm in diameter, respectively, and 
no activity against yeasts and micromycetes was de-
tected [40]. Here, it should be noted that, probably by 
mistake, the authors named the molecule they stud-
ied “K-1115A” despite it having a different formula. 
Another closely related compound (3,8-dihydroxy-l-
methylanthraquinone-2-carboxylic acid) inhibited the 
biofilms formed by methicillin-resistant S. aureus at 
EC50 at 200 μg/mL [41]. It appears necessary to men-
tion that this study was referenced in the recent pa-
per erroneously attributing the antibacterial activity 
to K-1115A. However, the present paper is where for 
the first time the antibacterial activity of K-1115A 
has been reliably demonstrated. There is evidence 

that alnumycin and some other BGC products, such as 
6-dihydro-8-propylanthraquinone, are active against 
E. coli ΔtolC [42], but in our experiments K-1115A 
showed no activity against this pathogen. K-1115A 
affected a variant of the E. coli SS_lptd strain with 
impaired synthesis of envelope lipopolysaccharides 
and increased cell membrane permeability. According 
to published data, anthraquinone compounds mainly 
affect Gram-positive microorganisms, in particular 
Staphylococcus, Bacillus, Streptomyces, etc., but not 
Gram-negative bacteria or fungi [40].

Anthraquinone substances generally inhibit the 
processes involved in DNA biosynthesis, but the prod-
ucts and intermediates of alnumycin BGC, in particu-
lar alnumycin itself and 1,6-dihydro-8-propylanthra-
quinone, do not bind to double-stranded DNA and do 
not inhibit DNA gyrase [43]. Examination of K-1115A 
using the pDualrep2 reporter system also found no 
inhibitory effect on DNA synthesis but revealed its 
ability to inhibit protein biosynthesis.

We studied the effect K-1115A had on translation 
in a cell-free system in vitro and demonstrated that 
this compound acts as an inhibitor of protein biosyn-
thesis. For K-1115A, EC50 was found to be 97% of its 
MIC, while that of erythromycin in this study was 
0.8%. In other words, the concentration of erythro-
mycin must be 125-fold higher to inhibit cell growth 
than to inhibit translation, whereas in the case of 
K-1115A these concentrations are almost identical. 
This property somehow distinguishes K-1115A from 
common translation inhibitors, but it does not make it 
unique. For example, chloramphenicol, a well-known 
translation inhibitor having additional action mecha-
nisms besides binding to the ribosome, has a similar 
effect [44]. This may suggest that inhibition of bacte-
rial translation is not the only mechanism of antimi-
crobial action that K-1115A possesses. For instance, 
some enzyme systems in a microbial cell may modify 
K-1115A in such a way that the resulting molecule 
has a significantly greater inhibitory effect that can-
not be observed in vitro.

It may also be assumed that disrupting bacteri-
al cell membrane synthesis is not an alternative ac-
tion mechanism, since in our case the substance af-
fects a strain with already disrupted LPS synthesis, 
but not a strain in which this structure is preserved. 
Another assumption is that the additional target is 
not related to the interaction with DNA, even though 
this is typical for anthraquinone derivatives; other-
wise, we would have observed an additional induction 
of TurboRFP in the experiment, indicative of an SOS 
response.

It should be noted that K-1115A’s specificity against 
Gram-positive bacteria and a recombinant E. coli 
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SS_lptd strain with a deletion in the lptD gene indi-
cates that its activity against bacterial cells is largely 
determined by cellular barriers permeability.

For a compound to be considered as a perspective 
agent of antimicrobial therapy, it is its therapeutic 
index (TI) indicating the specificity of the effect a 
compound has on pathogenic and animal cells that 
plays the major role. For that purpose, we examined 
the ability of K-1115A to inhibit the HEK293 cell 
line (EC50 of 5 µg/mL) and several model pathogens 
(Table 1) to calculate its TI as the ratio of HEK293 
EC50 and microbial-strain MICs.

For the inhibited strains, TI varied from 2 to 8, 
which gives hope that semi-synthetic derivatives with 
good clinical prospects can be developed based on 
K-1115A.

We also obtained evidence that that the products 
and intermediates of alnumycin BGC had antitumor 
activity through paraptosis [45], autophagy [45], pre-
vention of aberrant cellular metabolism [46], increased 
radiosensitivity of cancer cells [47], apoptosis, etc. [48]. 
K-1115A was shown to have anti-inflammatory prop-
erties; it inhibited direct binding of the AP-1 tran-
scription factor to the AP-1 oligonucleotide and col-
lagenase production in IL-1a-stimulated rat synovial 
cells in vitro. It was also found that K-1115A attenu-
ates the AR-1-mediated inflammatory response by re-
ducing the activity of ornithine decarboxylase in mice 
induced by phorbolmyristate acetate [31]. Patterson 
et al. have used substance K-1115A to produce physi-
ologically active conjugates [49].

CONCLUSION
The use of modern mechanism-oriented approaches 
in classical screening makes it possible to identify not 
only new biologically active substances, but also to 
discover new promising properties of previously dis-
covered, but poorly studied, molecules, giving them 
a chance to become potential drugs. Despite the fact 
that K-1115A was discovered more than 25 years ago 
and that data on the antibacterial activity of its ho-
mologs have long been available, the activity of this 
substance and its action mechanism have not yet been 
studied. In this study, using the pDualrep2 dual re-
porter system, we were able to detect a K-1115A pro-
ducer, establish that this compound inhibits protein 
synthesis, and confirm this effect by inhibiting trans-
lation in vitro using FLuc mRNA.

K-1115A, an anthraquinone derivative produced 
by S. phaeochromogenes BV-204, has been shown to 
affect the E. coli SS_lptd strain with an attenuated 
cell membrane and subsequently a number of clini-
cally relevant S. aureus isolates, including MRSA and 
B. subtilis. No activity against S. aureus ATCC 29213, 
S. aureus ATCC 25923, C. albicans CBS 8836, 
M. smegmatis Ac-1171 gives hope K-1115A may turn 
out to be effective (in terms of specificity) against 
bacterial targets. K-1115A has also demonstrated a 
novel property for alnumycin BGC products; namely, 
the ability to inhibit protein biosynthesis.

The substance’s TI is relatively small (2–8 in dif-
ferent strains), but K-1115A may become the basis 
for the development of semi-synthetic derivatives for 
antimicrobial therapy. Earlier studies found K-1115A 
and its semi-synthetic derivatives to have an anti-in-
flammatory effect, which, together with its antimicro-
bial properties, allows us to consider them as promis-
ing compounds for the development of preparations 
for complex antimicrobial and anti-inflammatory ther-
apy (e.g., for wound treatment).

High-throughput screening using the pDualrep2 
system has significantly improved efficiency when 
searching for new protein-synthesis inhibitors 
even among known compounds, opening up new 
properties and perspectives for entire classes of 
molecules. 

This study was funded by the Ministry of Science 
and Higher Education of the Russian Federation 

under Agreement No. 075-10-2021-093,  
Project [BTH-RND-2127].

Supplementaries are available on the website 
https://doi.org/10.32607/actanaturae.27315.

Table 1. K-1115A capability to inhibit model pathogenic 
strains

Tested strain MIC, µg/mL TI

E. coli SS_lptd 0.625 8

S. aureus (MRSA) INA00761 2.5 2

B. subtilis ATCC 6633 1.25 4

S. aureus SS01 0.625 8

S. aureus 29213 No* –

S. aureus ATCC 25923 No –

M. smegmatis Ac-1171 No –

C. albicans CBS 8836 No –

*No inhibition in the range investigated.
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Supplementaries
Table S1. Morphological characteristics of S. phaeochromogenes BV-204 growth on different indicative media

Medium Pigmentation of aerial (AM) and substrate mycelium 
(SM), presence of soluble pigments (SP) Medium

Pigmentation of aerial (AM) and substrate 
mycelium (SM), presence of soluble pigments 

(SP)

ISP2

AM: Straw
SM: Dark-brown

SP: None

ISP5

AM: Light-straw
SM: Dark-brown

SP: None

ISP3

AM: Pink-straw
SM: Dark-brown
SP: Dark-brown

ISP6

AM: None
SM: Beige
SP: None
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Table S2. Culture characteristics of S. phaeochromogenes BV-204 (1) and phylogenetically closest S. phaeochromo-
genes JCM 4958 (2), S. umbrinus JCM 4521 (3) 

 1 2* 3*

Morphological and physiological features

Spore surface Smooth Smooth Smooth

Sporophore shape Straight and long Straight or tortoise Straight or tortoise

Temperature range/  
Optimum temperature (°C) 8–37/ 28 ND/28°C ND/28°C

рН range/ Optimum рН 4.5–8.5/ 7 5–11 5–11

Utilization of carbon sources 

Arabinose + + +

Galactose + ND ND

Glucose + + ND

Inositol + + ND

Xylose + + +

Lactose + ND ND

Maltose – ND ND

Mannitol + ND ND

Raffinose + ND ND

Rhamnose + + +

Sorbitol – - -

Sucrose + ND ND

Fructose + + +

Substrate degradation and enzyme activity

Starch + ND ND

Gelatin + + +

Carboxymethyl cellulose + - -

Oxidase + ND ND

Nitrate reductase – ND ND

Antibiotic resistance

Chloramphenicol, 34 µg/mL + ND ND

Streptomycin, 12.5 µg/disc + ND ND

Tetracycline, 10 µg/disc + ND ND

Spectinomycin, 5 mcg/disc + ND ND

Erythromycin, 5 mcg/disc + ND ND

Vancomycin, 5 mcg/disc 37 mm** ND ND

Levofloxacin, 5 mcg/disc 16 mm** ND ND

 *Data on Streptomyces phaeochromogenes JCM 4958 and Streptomyces umbrinus JCM 4521 were taken from the 
DSMZ Bacdive database (https://bacdive.dsmz.de/) and publications [31–33].
**Diameter of no strain growth zone around an antibiotic disk.
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Fig. S7. Reporter system operating principle Fig. S8. Activity of purified K-1115A
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DNA  
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Eritromicin 1 ngNorfloxacin 0.05 ng

Fig. S9. Alignment of the translated amino acid sequence of the aln5 gene

Fig. S10. HPLC profile of the active SPE fraction eluted with 30-40% acetonitrile. The peak is highlighted by the arrow
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Fig. S11. Verification of HPLC fractions activity

Fig. S12. UV and mass spectrum of the HPLC peak of the active component
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