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Streptomyces roseochromogenes NRRL 3504 is the only known producer of amino-
coumarin antibiotic clorobiocin — an inhibitor of bacterial DNA-gyrase and topoisomerase
IV. Sequencing of NRRL 3504 genome revealed a plethora of specialized metabolite bio-
synthetic gene clusters (BGCs) within the latter, attesting to the significant potential of this
species for the production of various as-yet-unknown bioactive compounds. Here we report
bioinformatic analysis of NRRL 3504 genome aimed to better understand what kind of small
molecules this strain could produce and genetic mechanisms that may limit their produc-
tion. In addition to the most commonly applied bioinformatic service for BGCs detection
antiSMASH, we turned to alternative tools for secondary metabolome iz silico analysis such
as PRISM, DeepBGC, ARTS, SEMPI and GECCO. While different genome mining applica-
tions pointed to a common core set of BGCs within the NRRL 3504, each tool having its
own algorithm of BGCs detection also discovered certain number of non-overlapping clus-
ters. This was especially true for machine learning tool DeepBGC that unearthed the biggest
number of BGCs. To summarize the obtained results we used BGCViz tool, which visualizes
and integrates BGC annotations from various sources by using genomic coordinates. We
discuss the genetic and structural diversity of the BGCs and outline the most interesting, in
opinion, targets for further investigations. Most of the described BGCs are most likely silent
due to very low or zero transcription. Therefore, it might be needed to find the ways to acti-
vate the transcription of the BGCs of interest. To this end, we mined NRRL 3504 genome for
the orthologs of global regulatory genes known to be involved in regulation of specialized
metabolism of S. coelicolor A3(2). We were able to identify almost all plausible global regu-
lators of interest in NRRL 3504, implying that overall scheme of regulation of specialized
metabolism in A3(2) and NRRL 3504 might be similar. Results of our work set the stage
for a more detailed experimental scrutiny of silent specialized metabolome of NRRL 3504.
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Streptomyces roseochromogenes NRRL 3504 was first described in 1970s as a producer of
gyrase inhibitor clorobiocin [1]. Together with novobiocin, clorobiocin and their precursors (Fig.
1) constitute a small family of aminocoumarin antibiotics in actinobacteria [2]. For several decades
this strain was known to produce only the aforementioned antibiotic, until the sequencing of its
genome in 2014 revealed true potential of this species for biosynthesis of bioactive compounds [3].

Particularly, over 40 biosynthetic gene clusters (BGCs) were revealed which direct the
production of various nonribosomal peptides, polyketides, terpenes etc [3]. However, the prior-
itization of the discovered BGCs with regard to the putative chemical uniqueness of the encoded
small molecules or feasibility of their production in NRRL 3504 were not attempted. We also note
that the description of BGCs in NRRL 3504 was based on in silico analysis with the help of server
antiSMASH [4], which was the only available tool for BGC mining at the time of NRRL 3504
genome publication. More tools for BGC discovery have been developed over the last 10 years,
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Fig. 1 Structural formulae of aminocoumarin anti-biotics mentioned in the main text

and each of these tools provides somewhat different picture of BGC suites in bacterial genomes
[5]. For example, PRISM better predicts the chemical structures of secondary metabolites [6],
DeepBGC calculates prediction scores of BGCs similarity and scores of their antimicrobial activ-
ity by using deep learning models [7]; ARTS prioritizes BGCs by the presence of resistance genes
[8]; SEMPI predicts PKS and NRPS BGCs by analyzing available natural compound databases
[9]; finally, GECCO identifies novel BGCs based on conditional random fields approach [10].
From practical point of view, it means that we might be able to identify more BGCs in any given
genome on combining the powers of different search algorithms.

Except for the clorobiocin BGCs, all or most of the BGCs within NRRL 3504 genome
are most likely silent due to very low or zero transcription. Therefore, it might be needed to find
the ways to activate the transcription of the BGCs of interest. We recently described a set of
genetic tools for NRRL 3504 [11] which in principle can be applied to study any silent BGC in
this strain. Although manipulations of cluster-situated regulatory genes, likely present within the
silent BGCs, might the simplest way to activate the latter, it is often possible to use higher-order,
or pleiotropic (global) transcriptional factors to upregulate silent BGCs. As a first step towards
the exploitation of global regulators in NRRL 3504, we searched orthologs of known global tran-
scriptional factors in model strain Streptomyces coelicolor [12]. The resulting regulatory network
in NRRL 30504 is outlined in this work.

Materials and Methods

NRRL 3504 genome was accessed through NCBI (accession number NZ CMO002285.1).
Following BGC mining engines were used: antiSMASH, PRISM, DeepBGC, ARTS, SEMPI,
GECCO (mentioned in the Introduction). These applications were used with default parameters.
Results were summarized and visualized using BGCViz software (https://github.com/ostash-
group/BGCViz).

NRRL 3504 orthologs of known S. coelicolor transcriptional factors involved in antibiotic
production were identified as a reciprocal BLASTP hits (https://blast.ncbi.nlm.nih.gov) [12].

Results and Discussion
The antiSMASH-centered description of BGCs within NRRL 3504 genome. We re-
analyzed NRRL 3504 genome with antiSMASH given vast improvements to the algorithm [4]
since the time of its original application to NRRL 3504 genome. The antiSMASH data were
further amended with some of the results of the other services. In total our analysis yielded 52
reliably identified BGCs, as shown in Table 1.
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Table 1

BGCs in NRRL 3504 genome as portrayed by BGC mining engines

BGC | Genomic interval' | Type? \ Most similar BGC (similarity %)
1 132,030 — 165,370 NAPAA

2 223,343 - 251,706 Betalactone Platencin; terpene (6 %) *

3 251,738 — 303,426 NRPS,RiPP-like Leinamycin; NRPS-PKS I (4 %) *

4 417,115 — 425,644 Siderophore Natamycin; polyketide (9 %) *

5 454,533 — 532,064 TI1PKS Sceliphrolactam; poliketide (92 %)

6 903,971 — 919,646 Lanthipeptide-class-III Informatipeptin, RiPP: lanthipeptide (100 %)
7 1,152,522 — 1,185,781 Aminocoumarins Clorobiocin; saccharide (100 %)

8 1,198,728 — 1,255,895 NRPS-like;betalactone Syringomycin; NRP (29 %) *

9 1,368,661 — 1,381,464 Terpene Hopene; terpene (92 %)

10 1,531,132 - 1,574,167 NRPS-like

11 1,580,006 — 1,621,908 NAPAA,NRPS Stenothricin: cyclic depsipeptide (13 %) *
12 1,834,628 — 1,840,717 Siderophore

13 1,841,787 — 1,846,610 RiPP-like

14 1,876,591 — 1,920,303 T1PKS,siderophore Paulomycin; other (13 %) *

15 2,073,191 — 2,075,353 Terpene Geosmin; terpene (100 %)

16 2,105,451 — 2,116,289 RIPP-like

17 2,160,971 — 2,180,930 Terpene Meilingmycin; polyketide (5 %) *

18 2,361,368 — 2,372,564 Siderophore

19 2,439,160 — 2,480,253 Ladderane, terpene Merochlorins; terpene + PKSIII (7 %) *
20 2,820,651 — 2,846,507 Betalactone Divergolides; PKSI (6 %) *

21 2,998,644 — 3,028,573 TIPKS, T3PKS Venemycin; polyketide (100 %) *

22 3,028,645 — 3,058,382 NRPS Thiazostatin: NRP (100 %) 3

23 3,155,507 - 3,157,959 Terpene Albaflavenone; terpene (100 %)

24 3,317,553 — 3,335,041 RRE-containing Naphthomycin; polyketide (9 %) *

25 3,713,984 — 3,767,955 NRPS Salinamides; NRPS-PKS(92 %)

26 4,202,052 — 4,222,838 Lanthipeptide-class-I

27 4,549,129 — 4,576,738 Linaridin Legonaridin; RIPP (16 %)

28 4,563,543 — 4,568,970 Terpene

29 4,675,333 — 4,701,181 Polyketide Colabomycin E; polyketide type I1 (20 %)
30 4,702,838 — 4,715,987 Lassopeptide

31 5,334,727 - 5,339,264 Lassopeptide Citrullasin D; RIPP (100 %)

32 5,358,233 - 5,439,812 NRPS-PKS, RRE LL-D49194al; polyketide (39 %)

33 5,656,729 — 5,667,757 Butyrolactone Methylenomycin A (14 %)

34 6,239,049 — 6,245,818 Siderophore Desferrioxamin (83 %)

35 6,350,666 — 6,352,022 Melanin Melanin (100 %)

36 6,561,106 — 6,597,703 Thioamitides, RiPP

37 6,679,165 — 6,701,768 Cyanobactin

38 6,787,544 — 6,794,342 Terpene 2-methylisoborneol; terpene (75 %)

39 6,957,682 — 7,000,235 PKS

40 7,271,875 -17,325,011 NRPS, NRPS-like Ecumicin; NRP (10 %) *

41 7,489,337 — 7,492,487 Ectoine Ectoine (100 %)

42 7,719,515 -17,751,356 NAPAA

43 8,174,477 — 8,219,344 hglE-KS Cinnamycin; RIPP: lanthipeptide (9 %)
44 8,223,946 — 8,245,107 CDPS Purincyclamide; other (40 %)

45 8,279,264 — 8,342,793 NAPAA, T3PKS Herboxidiene; polyketide (8 %)

46 8,498.110 — 8,503,471 NRPS

47 8,584,205 — 8,603,224 PKS

48 8,779,773 — 8,800,663 Melanin, terpene Melanin; other (57 %)

49 8,882,064 — 8,902,774 CDPS Peptide

50 9,386,952 — 9,409,720 Lanthipeptide-class-IV Blasticidin S (10 %)

51 9,479,135 -9,521,672 NRPS

52 9,603,846 — 9,625,045 Terpene

Notes: 'Position in NRRL 3504 chromosome (accession number NZ_CM002285.1)

2Abbrevviated names of biosynthetic types: NAPAA — non-alpha poly-amino acids like e-Polylysin; NRPS —
non-ribosomal peptide synthetase cluster; RiPP — ribosomally synthesised and post-translationally modified
peptide product; RiPP-like — other RiPPs; T1PKS - type I PKS (polyketide synthase); T3PKS — type 111
PKS; RRE-containing — RRE-element containing cluster; PKS-like — other types of PKS cluster; hglE-KS —
heterocyst glycolipid synthase-like PKS; CDPS — tRNA-dependent cyclodipeptide synthases.

3Clusters are connected.

*Non-significant hits, no evidence of large-scale similarity
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Different BGC mining tools yield different sets of BGCs within NRRL 3504 genome.

Next we run NRRL 3504 genome through the applications, that use different search logics (see
the Introduction): DeepBGC, PRISM (+PRISM-Supp which identifies regulatory, resistance and
transporter genes within clusters), ARTS, SEMPI and GECCO. We used BGCViz (application
which integrates and visualizes results from various BGC annotation sources) to summarize our
findings. The antiSMASH results were used as a reference. This led to a scheme of annotations
comparison to the reference which reflected the location of identified BGCs within the genome of
NRRL 3504. Fig. 2 shows the number of BGCs identified by each application, BGC location rela-

b)

Fig. 2. BGCs annotations’ all (a) and in comparison to the reference — antiSMASH (b). Abbreviations of
rows: first letters of BGC applications (e.g. S_vs_A means SEMPI versus antiSMASH)
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tive to each other, edges of each BGC, and the expected class of compounds encoded by the BGC.
As we can see, each tool pinpointed a different number of gene clusters (fig. 2a). Particularly,
antiSMASH has identified 44 BGCs, SEMPI — 48 BGCs, PRISM — 19 BGCs, PRISM-Supp — 84
regulatory, resistance and transporter genes within BGCs, ARTS — 186 core and resistance genes
within BGCs. Machine learning engine DeepBGC revealed the highest number of BGCs (108),
and the most recent addition to BGC-finding algorithm, GECCO, unearthed 30 BGCs. The afore-
mentioned tools reveal overlapping set of BGCs (most of them listed in Table 1), although each
service also leads to unique findings.

The antiSMASH annotation was compared against DeepBGC and GECCO results in more
details. The plots (Fig. 3, a, b) show the number of BGCs detected by applications in accordance
with different activity scores. antiSMASH independently annotated more than 40 clusters with
the highest activity scores, while DeepBGC annotated only 6 BGCs with a score of 50 %. At the
same time, DeepBGC and antiSMASH together identified 14 BGCs with activity score of 50 %.
The situation is similar when comparing antiSMASH and GECCO results: GECCO independent-
ly didn’t identify clusters with a high activity score, while in combination with antiSMASH it
annotated 19 clusters with a score of 50 %.

Fig. 3. a) Comparison of antiSMASH and DeepBGC annotations at a given score threshold; b) comparison
of antiSMASH and GECCO annotations at a given score threshold

We summarized all BGC mining results in a combined Biocircos plot where arcs connect
the same genomic intervals identified as a BGC by different tools (outer face of the plot, Fig.
4). Different arc colors stand for biogenetically different types of specialized metabolism. The
reference column-based mode of coloring links was used, as shown to the right of Biocircos plot.

For example, a cluster of genes for the biosynthesis of a compound similar to manumy-
cin-type antibiotic colabomycin was annotated by antiSMASH as arylpolyene-ladderane-lassopep-
tide-type BGC No25 in a genomic interval from 4 675 333 to 4 717 422. Analyzing Biocircos plot,
we can see this BGC was also identified by the other bioinformatic tools, however, the genomic co-
ordinates and biosynthetic type of the BGC slightly differ from the antiSMASH results. GECCO an-
notated colabomycin BGC as pks-type cluster in a region ranging from 4 682 664 to 4 722 714 bp;
SEMPI — as nrps-type cluster (from 4 683 996 to 4 720 559 bp), PRISM — as lassopeptide-nrps-type
cluster (from 4 678 456 to 4 708 906 bp). DeepBGC did not detect the aforementioned BGC, while
ARTS and PRISM-Supp tools did not identify resistance genes within this BGC.
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Global specialized metabolism regulatory network of NRRL 3504. We attempted to
reconstruct the regulatory system in S. roseochromogenes by searching for orthologs of global
regulators of model organism S. coelicolor. The proteins of the Bld cascade are key to the transi-
tion from substrate to aerial mycelium and the main protein of this cascade, BldD, represses the
expression of the other cascade components [13]. Orthologs of genes encoding the Bld-cascade
were found: the search revealed orthologs with a high percentage of amino acid sequence identity
for BIdD (99 %), BIdM (100 %), BIdN (90 %). The central place in the Bld-cascade is given to
the pleiotropic regulator AdpA involved in regulation of a number of other proteins. We revealed
ortholog of AdpA of S. coelicolor in the genome of S. roseochromogenes with the identity of ami-
no acid sequences of 89 %. Analysis of the functional regions (dimerization and DNA-binding
domains) showed that the level of sequence identity in them is close to 100 %.

Fig. 4. Biocircos visualizing plot and its coloring scheme; see main text above for more details

Streptomyces genomes of contain genes of chaplins and rodlins, which encode small pro-
teins hydrophobins, necessary for the formation of the water-repellent surface of the air mycelium
and involved in the processes of spore formation. Our analysis revealed a low level of identity
of the amino acid sequence of AmfR of S. coelicolor to its ortholog in S. roseochromogenes ge-
nome. AmfR controls the synthesis of the morphogenetic surfactant peptide SapB, involved in
the straightening of hyphae in the air. It is likely that the low level of sequence similarity or the
complete absence of orthologs of genes encoding these proteins are the causes of the defective
sporulation of NRRL 3504.

The next step was to find orthologs of genes that encode components of the Whi-cascade
involved in the maturation of spores (pigmentation, septation). The search identified orthologs
with a high percentage of amino acid sequence identity for WhiA (95 %), WhiB (100 %), WhiG
(94 %), WhiH (89 %), Whil (97 %). An orthologs with a low percentage of identity (32 %) was
identified for WhiE involved in the synthesis of polyketide spore pigment during the late stages
of sporulation.

In addition to analogs of genes encoding global regulators, shown in Fig. 5, we found or-
thologs for a number of other transcriptional regulators of secondary metabolism, such as: ArgR



C. MenbHuk, I. Mpab, 6. Ocmauw
ISSN 0206-5657. BicHuk JlbBiBcbkoro yHiBepcuteTy. Cepis 6ionoriyHa. 2022. Bunyck 87 51

(92 %), Crp (97 %), DasR (96 %), RelA (93 %), SIbB (91 %), WbIA (96 %). No significant dif-
ferences were found in functionally important areas (DNA or effector molecule binding regions).

Fig. 5. Scheme of the putative regulatory network of NRRL 3504 (based on the network of S. coelicolor).
The percentages indicate the identity of the amino acid sequences of S. roseochromogenes proteins
with the corresponding regulators in S. coelicolor. Components absent in NRRL 3504 or having a
low degree of similarity to the corresponding S. coelicolor proteins are highlighted with red

Streptomyces roseochromogenes possesses an exceptional biosynthetic potential with 52
BGCs identified in our analysis. BGCs Ne 8, 19, 32, 45 deserve special attention as they har-
bor one or several resistance markers according to PRISM and ARTS. For example, BGC Ne32
consists of 5 candidate BGCs, identified by antiSMASH tp carry 5 transport genes, 4 regulatory
genes; | resistance target was identified by ARTS. Further decomposition of such a complex
region is not feasible in the absence of experimental results. One annotated unusual genomic
interval contained two BGCs (Ne 21,22), that are identical to venemycin and thiazostatin BGCs,
which we could separate into corresponding regions.

NRRL 3504 is rich in novel RiPPs, which take up to 16,3 % of all identified BGCs. As
RiPPMiner-Genome results show, BGCs Ne 26, 30, 37, 50 are particularly interesting, as they
have both: biosynthetic machinery and precursor peptides for natural product synthesis. Given
short length of RiPP BGCs, they could be an interesting target for heterologous expression.

Clusters Ne 5, 11 and 25 can be also considered targets for further analysis. The first one is
similar to sceliphrolactam, with rearranged tailroing enzymes and different PKS domains. Hence
its product is likely different from known ones, but the BGC is similar enough to be functional.
BGC Nel1 displays interesting D-ala-D-ala ligase signature, identified by PRISM, responsible for
vancomycin resistance. Therefore, the product could target peptidoglycan cell wall of Gram-posi-
tive bacteria. On the other hand, cluster 25 is similar to salinamides with different NRPS domains
and several tailoring enzymes. Also, it encodes EF-Tu isoform, which could shed the light on
the potential target of its product. This incomplete homology to salinamides could mean that the
cluster direct the biosynthesis of a complete product different from the known one.

We found that antiSMASH data are the most informative ones when used in combina-
tion with ARTS and PRISM results. Collectively these tools allowed to refine cluster boundaries
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and prioritize targets for further investigation. GECCO results were mostly congruent with anti-
SMASH results, yielding also 2 unique BGCs (Ne39 and Ne47). We included them into the Table 1
as BGC Ne39 was also identified by PRISM as a PKS-based BGC harboring an efflux transporter
and a core gene within it’s boundaries. BGC Ne47 was identified by SEMPI as a BGC encoding
PKS along with MFS transporter within its boundaries. We added NRPS cluster from PRISM
(BGC Ne46) as well, given its simultaneous identification with SEMPI.

Overall, we believe that combination of different genome mining approaches provides the
most exhaustive annotation of BGCs in genomes, and so the use of non-antiSMASH tools should
not be neglected.

Acknowledgements. B. O. thanks for grant support of the Ministry of Education and Sci-
ence of Ukraine (BG-21F).
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Streptomyces roseochromogenes NRRL 3504 — enuHuit BimoMuil IpOXYyLEHT
aMiHOKyMapHHOBOT'0 aHTHO10THKA XJIOpOOioNnuHY, iHTiOiTOpa GakTepiiinux ¢pepmentis JJHK-
ripa3irtomnoizomepas IV. CexBenyBanus renomy NRRL 3504 BusiBuiio 6araro kiiactepiB reHiB
OiocunTe3y crnenianizoBanux Merabomitie (BGC), mo cBimunTh 1Mpo 3HAYHMII MOTEHIlial
JIAHOTO BUTy y IPOAYKIii pi3HOMaHITHHX, HE BIIOMUX paHile 6i0aKTUBHUX CIIOIYK. Y IaHii
CTaTTi MU IpeJIcTaBIsIeEMO OioiHpopmaTuBHuit aHami3 reromy NRRL 3504, cnpsimoBanuii Ha
Te, aW Kpallle 3p03yMiTH, sIKi Crionyku Moxke cuHTesyBatd NRRL 3504, a Takoxk reHeTHYHI
MEXaHi3MH, [0 MOTSHIIHHO 00MEeXyYIOTh el cuHTe3. OKpiM HaHIIUpIIe 3aCTOCOBYBAHOTO
GioinopmaTuBHOrO cepBicy mias BusiBieHHS BGC antiSMASH, mMu 3Bepraemoch 10
aNbTePHATUBHUX in Silico IHCTPYMEHTIB IOCIIDKEHHS BTOPHHHOTO METaboJIOMY, TaKUX
sk PRISM, DeepBGC, ARTS, SEMPI ta GECCO. Pi3Hi 3aCTOCYHKH, MarO4d BIaCHHU
MexaHi3M Jerekuii, BusBuin He ymme crnutbHuit Habip BGC y NRRL 3504, a it HU3KY
nerunosux BGC. OcobmuBo 11e cTocyeThest 6a30BaHOT0 Ha IIPUHINIT MAaITMHHOTO HABYaHHS
3actocyHKy DeepBGC, mo inenTugikyBas Hai6inpnry kinskicts BGC. st y3araabHeHHS
OTPHUMAaHHX Pe3yNbTaTiB HaMH BUKOpPHCTaHO OioiHcTpyMeHT BGCViz, mo Bi3yanisye Ta
iHTerpye reHoMHi koopaumHati BGC, orpumani 3 pi3HEX Kepen. Mu o6roBoproeMo
TCHETHYHY Ta CTPYKTYpHY pizHOMaHiTHICTE BGC i1 okpecitoeMo Haiflikapilmi, Ha Hamry
OYMKY, LUTI U TOJaNbIINX JOCIHiIKeHb. butbmiicts omucannx BGC, HalliMoBipHimie,
«MOBYA3HI» 4epe3 Iyke HU3bKY a00 HyIbOBY TPAHCKPHUIILi0. TakuM YMHOM, MOXE CTaTH
JOLJIBHUM ITOIIYK CHOCO0IB akTHBAIil TpaHCKpHUMIii Takux HinpoBux BGC. 3 miero meToro
M 3pificamn nomyk y renomi NRRL 3504 oprosnoris r106aqbHUX PEryJISITOPHHAX T'EHIB,
sIKi, SIK BiJOMO, OepyTh y4acTb y peryiusiwii crenianizoBaHoro merabomismy S. coelicolor
A3(2). Ham Branocs ineHTndixyBatu Maibke yci rmobainbHi peryastopu y NRRL 3504, a e
MOXe€ CBITYUTH, IO 3arajbHa CXeMa peryIiiiii crenianizoBanoro Merabomizmy B A3(2) ta
NRRL 3504 € noni6Hot0. Pe3ynpTaTtn Hamoi poOOTH 3aKIIaAal0Th OCHOBY JUIS AE€TABHIIIOTO
SKCIICpIMEHTAJILbHOTO BUBUCHHS «MOBYA3HOIO» crenianizoBaHoro Meraboiomy NRRL
3504.

Knrouosi crnosa: Streptomyces roseochromogenes, aHaini3 TeHOMY, 0i0iH(pOpMaTHKa
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