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Supplement S1. Detailed discussion of Cst structure elucidation 

According to the NMR analysis, the compound comprises a purine aromatic system with 

two characteristic singlets at 8.44 and 8.29 ppm. These singlets provide the connectivities to three 

quaternary carbons and four ternary nitrogens of purine in HMBC, indicating that the purine is 

substituted at positions 6 and 9. While substituent at position 6 was not observed in HMBC, it was 

clear that position 9 was substituted by a five-membered sugar ring, with the 9-1' connection, 

typical for nucleosides (Fig. 3B). In turn, the 3' position in the sugar is occupied by the nitrogen 

atom, bound to the aminoacid carboxyl group via the peptide bond. This amide group provides the 

only peak that can be observed in 1H,15N-HSQC (8.24; 108.7 ppm). The aminoacid could be 

identified as S-methylcysteine, the amino-group is observed in HMBC, while the presence of 

sulfur can be assumed based on the typical chemical shift values. The HRMS data ([M+H]+: 

412.1767 Da) allows identifying the last unknown - the purine substituent at position 6, which 

appears to be N-dimethyl group. The latter was at the end found in 1H spectrum as a broad singleton 

at 3.45 ppm, which becomes narrower upon heating, apparently due to the hindered rotation 

relative to the purine ring. 



Back to Contents 

 

Figure S1-1. MS1 and MS2 data collected at positive mode for m/z 412.1772 (Cst). 
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Figure S1. Phylogenetic analysis of the strain VKM Ac-502 

Based on 16S rRNA gene sequence comparison, the strain was supported to belong to the 

genus Streptomyces, exhibiting the highest sequence similarity to S. monomycini NRRL B-24309T 

(99.87%), S. ochraceiscleroticus NRRL ISP-5594T (99.45%), and S. violens NRRL ISP-5597T 

(99.45%) (Figure S2). The calculated dDDH value between VKM Ac-502 and S. monomycini 

NRRL B-24309T (67.0%) and between VKM Ac-502 and the type strains of other Streptomyces 

species (<49%) were lower than the recommended cut-off value (70%) for distinguishing 

prokaryotic species [1,2]. Similarly, the ANI values (ANIb, 94.9% and ANIm, 96.3%) determined 

for the pair VKM Ac-502 and S. monomycini NRRL B-24309T were below the thresholds for 

species delineation (95–96% and 96.7%, respectively) [2–4]. The ANI values for VKM Ac-502 

with respect to other Streptomyces species were significantly lower than the figures given above. 

Thus, the species Streptomyces sp. VKM Ac-502, originally described as “Actinomyces 

tumemacerans” [5] and “Streptomyces tumemacerans” [6] differs from all known species with 

validly published names and calls for its valid re-description. 
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Neighbor-joining phylogenetic tree based on 16S rRNA gene sequence analysis showing the position of strain Streptomyces sp. 

VKM Ac-502 and related species. Bootstrap values based on 1000 resampled datasets are given for values higher than 60%. 
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Table S1. Cystocin biosynthetic gene cluster (cst BGC) analysis 

Orf Gene 

name 

Gene 

size 

(bp) 

Proposed function Protein [Organism]. Corresponding to Gene with 

Sequence Similarity 
NCBI Gene Bank 

Accession 

Number 

Puromycin 

BGC 

homologue 

E-value Protein 

identity 

1 Orf1 1572  AMP-binding protein [Streptomyces monomycini] WP_030021793.1 - - - 

2 Orf2 
306  

putative quinol monooxygenase [Streptomyces 
monomycini] WP_030021792.1 - - - 

3 Orf3 132  hypothetical protein [unclassified Streptomyces] WP_215157344.1 - - - 

4 Orf4 918  hypothetical protein [Streptomyces albofaciens] WP_150249738.1 - - - 

5 Orf5 
513  

nuclear transport factor 2 family protein 
[Streptomyces sp. WM6378] WP_053729042.1 - - - 

6 Orf6 
855  

helix-turn-helix domain-containing protein 
[Streptomyces chrestomyceticus] WP_125043395.1 - - - 

7 Orf7 
444  

hypothetical protein [Streptomyces sp. MST-
110588] WP_242584962.1 - - - 

8 Orf8 978  No significant similarity found  - - - 

9 Orf9 405  ATP-binding protein [Streptomyces sp. CB03234] WP_079277982.1 - - - 

10 CstA 
636 Methyltransferase 

class I SAM-dependent methyltransferase 
[Streptomyces monomycini] WP_030021788.1 - - - 

11 CstB 2214 Synthetase hypothetical protein [Streptomyces monomycini] WP_030021787.1 pur 6 0 52.98% 

12 CstC 
603 N-acetyltransferase 

GNAT family N-acetyltransferase [Streptomyces 
monomycini] WP_030021786.1 pac 1.00E-95 65.50% 

13 CstD 
810 Monophosphatase 

histidinol-phosphatase [Streptomyces 
monomycini] WP_030021785.1 pur3 

3.00E-
123 68.90% 

14 CstE 
690 N-Methyltransferase methyltransferase [Streptomyces monomycini] WP_030021784.1 pur5 

1.00E-
124 78.17% 

15 CstF 
1290 Aminotransferase 

DegT/DnrJ/EryC1/StrS family aminotransferase 
[Streptomyces monomycini] WP_078624438.1 pur4 0 77.78% 

16 CstG 
1002 Oxidoreductase 

Gfo/Idh/MocA family oxidoreductase 
[Streptomyces monomycini] WP_275127596.1 pur10 

6.00E-
145 61.29% 

17 CstH 
516 

NTP-
pyrophosphohydrolase 

NUDIX domain-containing protein [Streptomyces 
paromomycinus] WP_246177904.1 pur7 1.00E-62 64.10% 
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18 CstI 
1434 Hydrolase amidohydrolase [Streptomyces paromomycinus] GCD48216.1 napH 

5.00E-
160 53.98% 

19 Orf19 1236  threonine--tRNA ligase [Streptomyces sp. SID4946] WP_210167982.1 - - - 

20 Orf20 336  alkene reductase [Streptomyces monomycini] WP_050502695.1 - - - 
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Supplement S2. The expanded analysis of the cst BGC 

 

Although the cloning of the pur BGC indicated that prg1 might be a regulatory gene within 

the pur cluster [7], further corroboration of its involvement is lacking. The cst BGC does not 

include any ORFs exhibiting similarity to either the mtdA or prg1 genes. Intriguingly, in the DNA 

fragment adjacent to the puromycin BGC in Streptomyces alboniger, three ORFs –stgA, stgU, and 

stgR – are present. These ORFs contain a helix-turn-helix motif but have been shown not to be 

involved in Puro biosynthesis [8]. In the cst BGC there is a gene, orf6, also possessing the same 

motif. However, the encoded protein displays no similarity to stgU, making it unlikely to 

participate in the regulation of Cst biosynthesis. 

Resistance to Puro has been linked to the involvement of the transmembrane protein Pur8 

[9] and the N-acetyltransferase PAC [10]. In the context of the A201A-related nucleoside 

antibiotic, resistance is mediated by the genes ard2 and ard1, which encode an ABC-transporter 

and a phosphotransferase, respectively [11,12]. The cst BGC lacks homologues of the 

transmembrane protein Pur8, which is presumed to facilitate the transport of N-acetylpuromycin 

out of the cells. We speculate that the gene encoding the transport-mediating enzyme might be 

situated elsewhere in the genome, external to the cst BGC. 
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The biosynthesis of Puro seems to proceed without any obvious regulation, a situation that 

has been similarly observed in other Streptomyces gene clusters. A study of pur cluster expression 

showed that Puro production is subjected to translational dependence on the bldA gene product, 

specifically the tRNALeu molecule, due to the presence of a TTA codon within the amino-terminal 

coding region of the pur10 and pur6 genes [13]. This kind of regulation was proposed in the 

blasticidin S biosynthetic gene cluster as well, where the blsM gene contains a TTA codon that 

governs translation, relying on the cellular levels of the bldA gene product. This particular tRNALeu 

molecule is known to synchronize antibiotic biosynthesis events with the developmental cycle in 

numerous Streptomyces species [14]. Interestingly, for A201A, the MtdA protein was shown to 

play a role in regulation [15]. Notably, the ataP10 gene in the biosynthesis of A201A lacks TTA 

codon, which is found in the pur10 gene and appears to contribute to the regulation of the pur 

cluster [11]. In the cst BGC, the homologues of pur10 and pur6 genes, cstG and cstB, similarly 

lack the TTA codon. This suggests that the regulation of Cst expression differs from that of Puro.  
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Table S2. Susceptibility of WT. CstC and PAC-transformed eukaryotic HEK293T 

WT 

Cell line IC50. μg/ml 

Puro Cst 

HEK293T WT 0.2 ± 0.02 1 ± 0.08 

HEK293T PAC 6

 ± 6 

 ± 15 

HEK293T CstC 5

 ± 9 

> 100 

Resistance coefficient for PAC gene 310 ± 1 (Puro) and 33 ± 12 (Cst). 

Resistance coefficient for CstC gene 260 ± 20 (Puro) and over 87 (Cst). 

By 72 h after adding the drug to the cell culture at concentrations 0.5 μg/mL and higher, cell 

death is already observed. 
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Figure S2. Reporter strain screening of Cst and Puro 

 
Evaluation of the antibacterial properties of the puromycin and cystocin on the hypersensitive 

strain of E. coli JW5503 (ΔtolC, with impaired efflux) pDualrep2, which consists of two 

fluorescent protein reporter genes, turborfp (induced by SOS-inducible sulA gene promoter) and 

katushka2S (regulated by the modified trpL attenuator sequence) [16]. There are shown Puro (20 

μg) and Cst (20 μg) and control antibiotics («ery» is erythromycin (5 μg) and «cip» is 

ciprofloxacin (25 ng) 

Two antibiotics were used as controls. The first was erythromycin, which disrupted protein 

biosynthesis in the bacterial cells and caused gene expression of the fluorescent protein 

Katushka2S (indicated by the red edge around the inhibition zone). The second control antibiotic 

was ciprofloxacin, which inhibited the work of gyrases and triggered expression of the fluorescent 

protein TurboRFP (indicated the green edge around the inhibition zone). For Cst and Puro 

inhibiting protein biosynthesis is marked by Katushka2S fluorescence (red edge). 
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Supplement S3. BODIPY-labelled small peptides synthesis inhibition experiment 

The experiment was performed as described previously, including hydrolysis with 1M 

NaHCO3 prior to gel electrophoresis [17]. In case of aminonucleosides formation of modified 

truncated products can be anticipated (Figure S2-1). 

 

Figure S3-1. Schematic representation of the anticipated results in BODIPY-labelled small 

peptides inhibition experiment. 

In line with the previous results for Puro [17], no truncated peptides were detected for Puro 

and Cst, presumably because the mobility of peptidyl-puromycin and peptidyl-cystocin, formed 

after transferring of the peptide to antibiotic molecule, have the opposite charge and thus different 

mobility than the BODIPY-labeled peptides, so that they did not enter into RNA PAGE. 

Alternatively, Puro/Cst coupling may lead to quenching of BODIPY fluorescence. The 

“anomalous” migration of puromycin in the PAGE gel deserves a separate discussion, since Puro 

causes the transfer of the growing peptide labeled with BODIPY onto itself, and it is impossible 

to predict its visualization on the gel in advance. Probably, Puro/Cst with the labeled peptide move 

in the direction opposite to the other peptides, therefore the “spots” observed on the gel for the 

products treated with Puro/Cst before and after the hydrolysis are less bright. Alternatively, the 
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anticipated products containing Puro/Cst are not visible due to quenching of BODIPY 

fluorescence. Further the obtained results are provided (Figures S2-2, S2-3, S2-4). 

 

 

 

Figure S3-2. Urea PAGE electrophoresis of MF2 synthesis under treatment with 0.05 mM of Cst 

and Puro. Ths – thiostrepton; Madu – madumycin; MM – Master Mix; Tet – tetracycline; BP – 

BODIPY. 

 Not hydrolyzed 

 water Puro Cst Tet 

Translation 

efficiency 
1 0.8 1 0.69 



Back to Contents 

 

 Not hydrolyzed 

 water Puro Cst 

Translation 

efficiency 
1 0.39 0.67 

Figure S3-3. PAGE electrophoresis of MF4 synthesis under treatment with 0.05 mM of Cst and 

Puro. Ths – thiostrepton; Madu – madumycin; MM – Master Mix; Tet – tetracycline; BP – 

BODIPY. 
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 Not hydrolyzed 

 water Puro Cst 

Translation 

efficiency 
1 0.38 0.71 

Figure S3-4. PAGE electrophoresis of MF4 synthesis under treatment with 4 mM of Cst and 

Puro. Ths – thiostrepton; Madu – madumycin; MM – Master Mix; Tet – tetracycline; BP – 

BODIPY. 
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Supplement S4. MS analysis of small peptides synthesis inhibition reactions 

 

Figure S4-1. A plot of extracted ion chromatograms (XICs) showing distinct peaks for 

cystocinilated and puromycinilated truncated peptides 
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Figure S4-1. MS/MS spectra highlighting the fragmentation patterns of cystocinilated and 

puromycinilated truncated peptides 
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Figure S3. HPLC-trace of the isolated cystocin fraction 

 

Pure component was analyzed by HPLC on RP column using Nexera X2 LC 30A instrument 

(Shimadzu) equipped with SPD-M20A detector. HPLC conditions were as following: column 

Agilent HC-C18(2) 4.6 x 150 mm. 5 μm. eluent: solvent A - 10 mM NH4OAc. pH 5. solvent B – 

MeCN. gradient elution from 15 to 90 solvent B for 10 min. flow rate 1.5 ml/min. UV detection at 

230. 250. 275. 300. 350 nm. 

  



Back to Contents 

Table S3. Sequences of templates and primers used for toeprinting assay 

Template Sequence 

MF2 ATGCATAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAC

ATATGTTCTTCTAAGAGACGGACGAGAGCGGC 

MF4 
ATGCATAATACGACTCACTATAGGGCTTAAGTATAAGGAGGAAAAC

ATATGTTCTTCTTCTTCTAAGAGACGGACGAGAGCGGC 

ErmCL ACTAATACGACTCACTATAGGGAGTTTTATAAGGAGGAAAAAATAT

GGGCATTTTTAGTATTTTTGTAATCAGCACAGTTCATTATCAACCAA

ACAAAAAATAATAATAATAAAAAAAGTGATAGAATTCTATCGTTAA

TAAGCAAAATTCATTATAACC 

NV1 GGTTATAATGAATTTTGCTTATTAAC 
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